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ABSTRACT 
 
DEVELOPMENT OF AN ON-LINE PRECONCENTRATION IN 
CAPILLARY ELECTROPHORESIS FOR THE SIMULTANEOUS 
SEPARATION AND DETERMINATION OF FUNGICIDES    
 
(Keywords: Micellar electrokinetic chromatography, capillary elctrophoresis, 
funguicide, on-line pereconcentration) 
 
A method for the chiral separation of propiconazole, a triazole fungicide with 
two chiral centers, using cyclodextrin-modified micellar electrokinetic 
chromatography (CD-MEKC) with hydroxypropyl-γ-cyclodextrin (HP-γ-CD) as 
chiral selector was developed.  The use of a mixture of 30 mM HP-γ-CD, 50 mM 
SDS, and methanol–acetonitrile 10%:5% (v/v) in 25 mM phosphate buffer solution 
was able to separate two enantiomeric pairs of propiconazole.  Stacking and 
sweeping-CD-MEKC under neutral pH (pH 7.0) and under acidic condition (pH 3.0) 
were used as two on-line preconcentration methods to increase detection sensitivity 
of propiconazole.  Good repeatabilities in the migration time, peak area and peak 
height were obtained in terms of relative standard deviation (RSD).  Sweeping-CD-
MEKC at acidic pH was found to give the highest sensitivity (100-fold) and the 
method was applied to the chiral separation of propiconazole enantiomers and two 
other triazole fungicides, namely fenbuconazole and tebuconazole (triazole 
fungicides with one chiral center).  The limits of detection for the three triazole 
fungicides ranged from 0.09 to 0.10 mg/L, which is well below the maximum residue 
limits (MRL) set by Codex Alimentarius Commission (CAC). Combination of solid-
phase extraction (SPE) pretreatment and sweeping-CD-MEKC procedure was 
applied to the determination of three triazole fungicides (fenbuconazole, 
tebuconazole and propiconazole) in grapes samples spiked at concentrations 10–40 
times lower than the MRL established by the CAC.  The average recoveries of the 
selected fungicides in spiked grapes samples were good, ranging from 73% to 109% 
with RSD of 9–12% (n = 3).  MEKC was also used for the separation of four 
fungicides (carbendazim, thiabendazole, propiconazole and vinclozolin). It was 
found that 20 mM formate buffer pH 7, 60 mM sodium cholate and 25 kV voltages 
gave the best condition for separation. All fungicides can be separated and gave one 
peak except for propiconazole with two stereoisomer peaks.  
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ABSTRAK 
PENGEMBANGAN KAEDAH PRA-PEMEKATAN TALIAN TERUS DALAM  
ELEKTROFORESIS RERAMBUT UNTUK PEMISAHAN DAN 
PENENTUAN SERENTAK FUNGISID  
 
(Kata kekunci: kromatografi elektrokinetik misel, elektroforesis rerambut, 
fungisid, pra-pemekatan talian terus) 
 
Kaedah untuk pemisahan propikonazol kiral iaitu fungisid triazol yang 
mempunyai dua pusat kiral dilakukan menggunakan kromatografi elektrokinetik 
misel terubahsuai siklodekstrin (CD-MEKC) dengan hidroksipropil-γ-siklodekstrin 
(HP-γ-CD) sebagai pemilih kiral.   Penggunaan campuran larutan HP-γ-CD 30 mM, 
natrium dodesil sulfat (SDS) 50 mM dan metanol-asetonitril dengan nisbah 10%:5% 
(v/v) di dalam larutan penimbal fosfat  25 mM berjaya memisahkan dua pasang 
enantiomer propikonazol.  Kaedah himpunan dan sapuan-CD-MEKC di bawah pH 
neutral (pH 7.0) dan keadaan berasid (pH 3.0) digunakan sebagai dua kaedah pra-
pemekatan talian terus untuk meningkatkan kepekaan pengesanan propikonazol.  
Kebolehulangan yang baik terhadap masa migrasi, luas puncak dan tinggi puncak 
diperoleh berdasarkan nilai sisihan piawai relatif (RSD). Sapuan-CD-MEKC pada 
pH berasid dikenalpasti memberikan kepekaan tertinggi (100-kali ganda) dan kaedah 
ini digunakan untuk pemisahan kiral enantiomer propikonazol dan dua fungisid 
triazol yang lain iaitu fenbukonazol dan tebukonazol (fungisid triazol dengan satu 
pusat kiral).  Had pengesanan tiga fungisid triazol ini adalah dalam julat 0.09 hingga 
0.10 mg/L, iaitu lebih rendah daripada had maksimum residu (MRL) yang ditetapkan 
oleh Suruhanjaya Alimentarius Kodeks (CAC). Gabungan pengekstrakan fasa 
pepejal (SPE) dan sapuan-CD-MEKC digunakan untuk menentukan tiga fungisid 
triazol (fenbukonazol, tebukonazol dan propikonazol) dalam sampel anggur pada 
kepekatan 10 - 40 kali lebih rendah berbanding MRL yang ditetapkan oleh CAC.  
Purata perolehan semula bagi fungisid tersebut di dalam sampel anggur adalah baik, 
dalam julat 73% hingga 109% dengan RSD 9 - 12% (n = 3). MEKC juga telah 
digunakan bagi pemisahan empat fungisid (karbendazim, tiabendazol, propikonazol 
dan vinclozolin). Penggunaan larutan penimbal format 20 mM pada pH 7, natrium 
kolat 60 mM dan voltan sebesar 25 kV memberikan keadaan pemisahan yang 
optimum. Keempat-empat fungisid berjaya dipisahkan dengan setiap satunya 
memberikan satu puncak kecuali propikonazol yang memberi dua puncak 
stereoisomer. 
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CHAPTER 1 
 
 
 
INTRODUCTION 
 
 
 
1.1 Background 
 
In recent years, capillary electrophoresis (CE) has been developed as a 
separation analysis method suitable for routine applications.  Its popularity may be 
attributed to its extremely high efficiency, short analysis time and wide application 
range.  Micellar electrokinetic chromatography (MEKC) has become popular as a 
powerful technique to solve many chemical analysis problems not only of neutral 
analytes but charged ones by using capillary electrophoresis (CE) instrument without 
any alteration.  
 
The environmental impact due to the heavy application of agrochemicals to 
open fields must be reduced.  As for the chiral agrochemicals, the use of only 
biologically active enantiopure isomers should also help to reduce the total amount of 
chemical released into the environment.  Triazole fungicide is one of the most 
important categories of fungicides.  It has excellent protective, curative and eradicant 
power against a wide-spectrum of crop diseases.  Chirality is expected to play a 
crucial role in bioactivities of triazole fungicides. 
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1.2 Summary 
 
This study was conducted into two parts as two different applications of 
MEKC in fungicides analysis.  The first part was the study on application of MEKC 
method for chiral separation of selected triazole fungicides (propiconazole, 
tebuconazole and fenbuconazole) and the use of on-line sample preconcentration 
technique to improve detection sensitivity in MEKC.  The second part was the study 
on application of MEKC method for the separation of four fungicides (carbendazim, 
thiabendazole, propiconazole and vinclozolin).  This chapter describes the outline of 
this work. 
 
Chapter 2 compiles the introduction to chiral agrochemicals, especially 
triazole fungicides, and capillary electrophoresis (CE) technique.  Modes of CE 
separation, especially micellar electrokinetic chromatography (MEKC) and 
improving detection in MEKC method are covered in this chapter.  Chiral separation 
and the use of MEKC for chiral separation are discussed.  The objectives of this 
study and the scope of this work are also covered.  
 
Chapter 3 reports the optimization of the micellar electrokinetic 
chromatography (MEKC) conditions for chiral separation of propiconazole 
enantiomers (a triazole fungicide with two chiral centers).  The influence of bile salts 
as chiral surfactants is first investigated on the chiral separation of propiconazole.  
Since the separation was not successfully achieved, the effect of 2-hydroxypropyl-γ-
cyclodextrin (HP-γ-CD) as chiral selector was then explored.  In addition, parameters 
affecting enantiomeric separation of propiconazole; including buffer phosphate 
concentration, pH, surfactant (SDS) concentration, separation temperature, applied 
voltage, capillary length and percentage of organic modifiers were also explored.  
 
Chapter 4 describes the two on-line preconcentration methods, i.e. stacking 
and sweeping used to reduce the detection limit of propiconazole enantiomers.  The 
capabilities of normal stacking mode and sweeping prior to cyclodextrin-modified 
micellar electrokinetic chromatography (CD-MEKC) under neutral pH were first 
investigated to enhance detection sensitivity of propiconazole enantiomers.  In order 
to achieve the highly sensitive detection, sweeping-CD-MEKC under acidic 
 3
condition (pH 3.0) was also investigated and was applied prior to the chiral 
separation of three triazole fungicides (propiconazole, tebuconazole and 
fenbuconazole).  The sweeping-CD-MEKC (pH 3.0) procedure combined with solid-
phase extraction (SPE) pretreatment was then applied to the determination of three 
triazole fungicides in grapes samples spiked lower than the maximum residue limits 
(MRLs) set by Codex Alimentarius Commission. 
 
Chapter 5 presents the application of MEKC with on-column ultraviolet-
visible (UV/Vis) detection for the separation of four fungicides (carbendazim, 
thiabendazole, propiconazole and vinclozolin). The separation was performed using 
ammonium formate buffer and sodium cholate as surfactant. All the condition such 
as buffer and surfactant concentration, buffer pH, applied voltage, organic solvent 
(methanol and acetonitrile) addition and organic modifier (β-cyclodextrin and γ-
cyclodextrin) addition were varied to achieve optimum condition.  
 
Finally, chapter 6 covers the overall conclusions and future directions for 
further studies.  This chapter summarizes the result obtained throughout the study 
such as the optimized conditions and the analytical performance of the optimized 
method.  Future directions are presented and discussed for further improvement of 
the study for future usage.    
 
 
 
 
 
 
 
CHAPTER 2 
 
 
 
INTRODUCTION 
 
 
 
2.1 Chiral Agrochemicals 
 
 Many of the recently developed and marketed agrochemicals have chiral 
structures because of their complicated structures, which are more likely to lead to 
stereochemical isomerism than a simple molecule.  It is thus very natural that the 
scientists studying new agrochemical candidates would like to prepare enantiopure 
isomers and to see the differences between enantiomeric counterparts.  Actually, 
there are several interesting and important examples (Kurihara and Miyamoto, 1998). 
For instance: 
(a) A single isomer may be much more favorably biologically active than its racemic 
counterpart, as in the case of aryloxypropanoate herbicides. 
(b) An isomer may have an adverse effect that is not (or less) observed for other 
isomers, e.g. the delayed neuropathy effect caused by EPN oxon, an 
organophosphorus insecticides, is higher in the (S)-isomer, the lower insecticidal 
isomer. 
(c) Sometimes, quite different type of agrochemical activity may be observed 
between enantiomeric pairs.  Many triazoles are fungicidal, but some of their less 
fungicidal isomers show a much greater plant growth regulating activity. 
 
 Impetus to the production and development of enantiopure agrochemicals 
also stems from the following circumstances: 
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(a) Many of the lead compounds for the new agrochemicals are found in the natural 
products that are very often chiral and enantiopure compounds.  Thus when a 
biologically active compound is optically active and/or enantiopure, it is natural 
and rather imperative for scientists during an early stage of the development 
process to investigate the activity of the enantiomeric counterpart as well as the 
racemate.  In relation to this, there are such remarkable and interesting examples 
among insect pheromones, for instance, that a mixture of the enantiomeric 
counterparts in a certain ratio is more active than any mixture of other ratios. 
(b) Concerns about environmental contamination due to the chemicals are becoming 
more and more stringent.  This situation puts pressure on producers of chemicals 
to reduce the amount of, for example, agrochemicals put on to oven fields, thus 
encouraging manufacturers to make efforts to develop the (more) biologically 
active enantiopure isomer instead of a racemic preparation that contains the 
biologically inactive (or less active) enantiomer. 
(c) Various methods are now available to prepare (synthesize and/or separate) 
enantiopure compounds, to analyze them with good resolution and sensitivity, 
and to observe and measure their differential biological activities.  In this context, 
it is noteworthy that various naturally occurring optically active (possibly 
enantiopure) starting compounds, simpler optically active synthons (structural 
building blocks) and optically active auxiliaries (reagents, protecting groups or 
chromatographic stationary phase materials) are currently marketed and easily 
available.  They are actively being further developed.  These materials and 
techniques make it much easier than several years ago for manufacturers to 
access enantiopure commercial products. 
 
 The adverse environmental impact due to the heavy application of 
agrochemicals to open fields must be reduced.  As for the chiral agrochemicals, the 
use of only biologically active (or most active) enantiopure isomers should also help 
to reduce the total amount of chemicals released into the environment, and therefore 
it merits careful consideration.  Besides, it is beyond question that, where one or 
more enantiopure isomers in a mixture pose significant environmental or human 
health risk, the isomer should be removed even when it contributes to a desired 
biological activity (Kurihara and Miyamoto, 1998). 
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2.1.1 Triazole Fungicides 
 
The major categories of pesticides classified by target are insecticides, 
herbicides, and fungicides.  Fungicides are used to eradicate or prevent the 
undesirable growth of fungal microorganisms in many agricultural, horticultural, and 
industrial situations.  Numerous substances possess antifungal activity, and their 
chemical structural spectrum is wide and diverse, covering both inorganic and 
organic substances.  The fungicides commercially available today are characterized 
by such a variety of chemical structures and functional groups as to make their 
chemical classification quite complex.  Although the fungicides, as well as most 
active ingredients, are almost all multifunctional, it is possible to distinguish six 
fundamental chemical classes among them (Table 2.1).  Each of this class can be 
further divided into subclasses inside which it is possible to gather the active 
ingredients into homogeneous groups (Scaroni et al., 1996; Young, 2000). 
 
In addition to classification by chemical structural grouping, fungicides can 
be categorized agriculturally and horticulturally according to the mode of application 
(use) as: (a) soil application fungicides, (b) foliar fungicides which are applied to 
plants above the ground, and (c) dressing fungicides applied after harvesting with the 
aim of preventing fungus development on stored crops.  Fungicides may also be 
described according to their general mode of action as: (a) protective fungicides 
inhibiting the development of fungicides by either (i) sporicidal effects or (ii) foliar 
effects creating an environment on the plant surface not conducive to fungal growth; 
(b) post-infection curative fungicides which kill the developing mycelium in the plant 
epidermis; and (c) post-symptomatic eradication fungicides which penetrate and kill 
the mycelium and new spores (Ballantyne, 2004). 
 
The most important category of fungicides is triazole-type (Table 2.2) 
because of their excellent protective and curative power against a wide spectrum of 
crop diseases.  The primary mode of action of the triazole fungicides is the inhibition 
of the cytochrome P-450 dependent C14 demethylation of lanosterol, which are 
intermediates in fungal sterol biosynthesis.  Besides their fungicidal activity, some of 
these compounds also show plant growth regulation activity.  This activity can often 
be explained by the inhibition of the cytochrome P-450 dependent oxidation of the 
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methyl group at C4 of ent-kaurene, an intermediate in the biosynthesis of gibberellin.  
This was the basis for the development of several triazole-containing plant growth 
regulators (Spindler and Fruh, 1998). 
 
 
Table 2.1  Chemical classifications of fungicides (Scaroni et al., 1996) 
 
No Classes Subclasses 
1 Inorganic Compounds a. Copper compounds 
b. Mercury compounds 
c. Sulfur and its compounds 
2 Organometalic 
compounds 
a. Organotin 
b. Organomercury 
 
3 Organophosphorus 
compounds 
a. Phosphonic compounds 
b. Thiophosphates 
 
4 Halogenated 
hydrocarbons 
a.  Methyl bromide  
b.  Chloropicrin 
 
5 Organonitrogen 
compounds 
a. Aliphatics/aromatics:  
acetamides, carbamates, phenylamides 
    guanidines, isophthalonitriles, nitro derivatives 
b. Heterocyclics : 
    benzimidazoles, dicarboximides, imidazoles,    
    triazines, morpholines, pyrimidines,       
    piperazines, triazoles. 
   
6 Organic nitrogen-
sulphur compounds 
a. Dithiocarbamates 
b. Carboxamides 
c. Phenylsulfamides 
d. Thiophthalimides 
e. Thioallophanates 
f. Thiocarbonitriles 
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Table 2.2  Triazole fungicide compounds 
(http://www.alanwood.net/pesticides/summ-fungicides.html, accessed on June 2007) 
 
 
 
No Chiral compounds (number of chiral center)  Non chiral compounds 
1 Bitertanol (2)  Azaconazole 
2 Bromuconazole (2)  Fluotrimazole 
3 Cyproconazole (2)   Fluquinconazole 
4 Diclobutrazol (2)  Quinconazole 
5 Difenoconazole (2)  Imibenconazole 
6 Diniconazole (1)  Triazbutil 
7 Epoxiconazole (1) 
8 Etaconazole (1) 
9 Fenbuconazole (1)  
10 Flutriafol (1) 
11 Furconazole (2) 
12 Hexaconazole (1) 
13 Ipconazole (3) 
14 Metconazole (2) 
15 Myclobutanil (1) 
16 Paclobutrazole (2) 
17 Penconazole (1) 
18 Propiconazole (2) 
19 Prothioconazole (1) 
20 Simeconazole (1) 
21 Tebuconazole (1) 
22 Tetraconazole (1) 
23 Triadimefon (1) 
24 Triadimenol (2) 
25 Triticonazole (1) 
26 Uniconazole (1)   
  
9
Most of this kind of triazole compounds has chirality.  They have a common 
structural moiety, the 1,2,4-triazole ring (Figure 2.1), which is connected to a 
hydrophobic backbone through position 1.  Typically, the hydrocarbon backbone has 
a substituted phenyl group at one end, and alkyl group or a different substituted 
phenyl group at the other end.  As a consequence, asymmetrical carbons are 
generally present at the position(s) immediate and/or vicinal to the triazole rings.  
This makes chirality almost ubiquitous for triazole fungicides, which can lead to 
important consequences regarding their bioactivity (Wu et al., 2001). 
 
 
 
 
 
 
 
Figure 2.1 Structure of 1,2,4-triazole ring and asymmetrical carbon (*) 
 
 
In some cases only one of the isomers has a fungicidal activity while the other 
may have toxic effects against non-target organisms.  Very remarkable differences in 
the in vitro activity against Ustilago madis were reported for the stereoisomers of the 
dioxolano-1,2,4-triazole fungicide propiconazole.  The isomers with the absolute 
configuration 2S were shown to be more efficient inhibitors of ergosterol 
biosynthesis than the corresponding 2R isomers (Spindler and Fruh, 1998).  To 
investigate the bioactivity of each enantiomer, it is necessary to develop a chiral 
separation method for the triazole fungicide compounds (Maier et al., 2001; Wu et 
al., 2001; Chunguang et al., 2007).   
 
The chiral separations of triazole fungicides have been performed by 
chromatographic methods such as high-performance liquid chromatography (HPLC) 
(Furuta and Nakazawa, 1992; Wang et al., 2005) and supercritical fluid 
chromatography (SFC) (Del Nozal et al., 2003; Toribio et al., 2004).  Capillary 
electrophoresis (CE) methods have also been developed for enantioseparation of 
triazole fungicide compounds (Penmetsa, 1997; Biosca et al., 2000; Wu et al., 2000 
N
N
N C R1
R2
R3
*
R 3 
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and 2001; Otsuka et al., 2003).  Capillary electrophoresis has shown to be a powerful 
separation technique for enantiomers compared to conventional chromatographic 
techniques.  It has no need for expensive chiral stationary phases, since the chiral 
selector is simply added to the buffer.  In addition, the advantages of CE methods for 
enantiomer separations are low consumption of analyte, minimal use of expensive 
chiral reagents and provide high separation efficiencies.  The principle of separation 
in CE is discussed more detail in the Section 2.2.  
 
 
 
2.2 Capillary Electrophoresis (CE) 
 
Capillary electrophoresis (CE) is a modern analytical technique that permits 
rapid and efficient separations of analytes present in small sample volumes            
(Li, 1993).  The first paper on modern capillary electrophoresis (CE) was reported by 
Jorgenson and Lukacs in 1981.  They reported the separations of molecules in small 
diameter fused silica capillary tubing (75 mm inner diameter) at high fields          
(300 V/cm).  The 1980s have been a period of growth for CE, which is evident in 
terms of increases in the number of publications, scientific meetings, commercial 
instruments and separation methodologies related to this technique.  The relative ease 
of use of the instrumentation, coupled with a technique that offers a multitude of 
separation formats, yields a separation method in CE that is often noted as easy to 
optimize in the process of method development and validation. 
 
 
 
2.2.1 Instrumentation of CE 
 
One of the main advantages of CE is that it requires only simple 
instrumentation.  A typical CE separation system is shown in Figure 2.2.  It consists 
of a high-voltage power supply, two buffer reservoirs, two electrodes, a capillary 
column and a detector.  This basic setup can be elaborated upon with enhanced 
features such as auto samplers, multiple injection devices, sample/capillary 
temperature control, programmable power supply, multiple detectors and computer 
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interfacing.  The separation column usually consists of a fused-silica capillary with a 
protective layer of polyimide on the outside.  The inner diameter (i.d.) is usually 25 
to 100 µm and the capillary length is 10 to 100 cm.  The capillary can be untreated, 
coated on the inside or packed with a stationary phase but, above all, filled with an 
electrolyte that can support current. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Typical CE Separation System  
 
 
The ends of the capillary are immersed in vials filled with the carrier 
electrolyte (two buffer reservoirs) that are connected to the electrodes.  The sample is 
applied by inserting the inlet end of the capillary (most often the anodic end) in a 
sample vial and the sample is injected hydrodynamically (by applying a pressure) or 
electrokinetically (by applying a voltage).  The inlet end is then transferred back to 
the electrolyte vial and a high voltage is applied along the column.  The high 
electrical resistance of the capillary enables the application of very high electrical 
fields (100 - 500 V/cm) with only minimal heat generation.  Moreover, the large 
surface area-to-volume ratio of the capillary efficiently dissipates the heat that is 
generated (Li, 1993).  
 
The use of the high electrical fields results in short analysis times and high 
efficiency and resolution.  Peak efficiency, often in excess of 105 theoretical plates, is 
due in part to the plug profile of the electroosmotic flow (EOF), an electrophoretic 
phenomenon that generates the bulk flow of solution within the capillary.  This flow 
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also enables the simultaneous analysis of all solutes, regardless of charge.  In 
addition the numerous separation modes that offer different separation mechanisms 
and selectivities, minimal sample volume requirements (1 to 10 nL), on-capillary 
detection, and the potential for quantitative analysis and automation, CE is rapidly 
becoming a premier separation technique (Heiger, 2000). 
 
 
 
2.2.2  Electroosmotic Flow 
 
 A prerequisite condition for electroosmosis – also called electroosmotic flow 
(EOF) – is that the inner surface of the capillary wall is charged.  In the case of plain 
fused-silica capillaries, the acidic silanol groups at the capillary surface dissociate 
depending on pH giving the wall a negative charge.  This charge attracts positive ions 
from the electrolyte to the wall to create an electrical double layer.  The first layer is 
tightly bound to the surface and is stagnant, even under the influence of an electric 
field.  The second layer is more diffuse, and when a voltage is applied over the 
capillary these cations will then be drawn towards the cathode, owing to their 
salvation and to friction the whole bulk solution will eventually be dragged towards 
the cathode, resulting in a flow (Li, 1993). 
 
The potential across the layers is called the zeta-potential (ζ).  Since the flow 
originates from the capillary wall the flow profile is very flat, in contrast to that 
produced by a pump, which gives a parabolic flow.  The flat flow profile is one of the 
reasons behind the high efficiency in electrophoresis separations.  The EOF is often 
sufficiently high that even negatively charged molecules are pushed in the direction 
of the negative electrode (the cathode).  The velocity (v) or mobility (µ) of the EOF 
can be described by equations 2.1 and 2.2, respectively (Heiger, 2000).    
 
                                veo  =                                                                    (2.1)                 
 
                                 µeo =                                                                  (2.2)     
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where, veo and  µeo are EOF velocity and mobility, respectively, E is applied electrical 
field (voltage applied/length of capillary, Vcm-1), η is solution viscosity and ε is the 
dielectric constant. 
 
 
 
2.2.3 Modes of CE Separation 
 
Different modes of capillary electrophoretic separations can be performed 
using a standard CE instrument.  The origins of the different modes of separation 
may be attributed to the fact that capillary electrophoresis has developed from a 
combination of many electrophoresis and chromatographic techniques.  The distinct 
capillary electrophoresis separation methods included (Li, 1993; Swedberg, 1997; 
Quirino and Terabe, 1999; Heiger, 2000): 
(a) capillary zone electrophoresis (CZE) 
(b) electrokinetic chromatography (EKC) 
(c) capillary gel electrophoresis (CGE) 
(d) capillary isoelectric focusing (CIEF) 
(e) capillary isotachophoresis (CITP) 
(f) capillary electrochromatography (CEC) 
 
 
 
2.2.3.1 Capillary Zone Electrophoresis 
 
Capillary zone electrophoresis (CZE) is the most widely used mode due to its 
simplicity of operation and its versatility.  The principle of separation in CZE is 
based on the differences in the electrophoretic mobilities resulting in different 
velocities of migration of ionic species in the electrophoretic buffer contained in the 
capillary.  Separation mechanism is mainly based on differences in solutes size and 
charge at a given pH.  Separation of both anionic and cationic solutes is possible by 
CZE due to electroosmotic flow (EOF).  Neutral solutes do not migrate and all 
coelute with the EOF (Heiger, 2000; Enlund, 2001). 
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2.2.3.2 Electrokinetic Chromatography 
 
An important development in CE is the introduction of electrokinetic 
chromatography (EKC) by Terabe and co-workers (1984).  In EKC, the 
chromatographic separation principle is combined with capillary electrophoretic 
techniques.  In addition to the buffer used in CZE, a major component called 
pseudostationary phase is added.  This then satisfies the definition of 
chromatography wherein two phases should exist between which the solute 
distributes itself.  The electrokinetic phenomenon is the means of transporting the 
pseudostationary phase and solutes inside the capillary. 
 
Micellar electrokinetic chromatography (MEKC) is the technical term used 
when micelles or surfactants are used as pseudostationary phase (Quirino and Terabe, 
1999).  Surfactants are added to the buffer solution above its critical micelle 
concentration (CMC).  The principle of separation in MEKC is based on solute 
partitioning between the micellar phase and the aqueous/solution phase.  The 
technique provides a way to resolve neutral molecules as well as charged molecules 
by CE.  Components will be separated due to a distribution equilibrium between the 
micellar phase and the aqueous phase, both of which move at different velocities.   
Micellar solutions may solubilize hydrophobic compounds which otherwise would be 
insoluble in water (Nishi and Terabe, 1996).  The principle of separation in MEKC is 
discussed in more detail in the Section 2.3.  
 
Many other modes of EKC can be constructed based on the nature of the 
pseudostationary phase.  For example, cyclodextrins (CD) and microemulsions (ME) 
are used in CDEKC and MEEKC, respectively, instead of the micelles used in 
MEKC (Altria et al., 2000; Biosca et al., 2000).  Microemulsion electrokinetic 
chromatography (MEEKC) is often compared to MEKC due to their similar 
utilization of surfactant aggregates to achieve separations not possible via 
conventional CZE methodologies.  All EKC techniques are based on the differential 
partitioning of an analyte between a two phase system (i.e., a mobile/aqueous phase 
and a pseudostationary phase). 
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2.2.3.3 Capillary Gel Electrophoresis 
 
Gel electrophoresis has principally been employed in the biological science 
for the size-based separation of macromolecules such as proteins and nucleic acids 
(Heiger, 2000).  The main separation mechanism in capillary gel electrophoresis 
(CGE) is based on differences in solute size as analytes migrate through the pores of 
the gel-filled column.  Gels are potentially useful for electrophoretic separations 
mainly because they permit separation based on molecular sieving.  Furthermore, 
CGE serve as anti-convective media, minimize solute diffusion, which contributes to 
zone broadening, prevent solute absorption to the capillary walls and help to 
eliminate electroosmosis.  However, the gels must possess certain characteristic, such 
as temperature stability and the appropriate range of pore size, for it to be a suitable 
electrophoretic medium (Swedberg, 1997). 
 
 
 
2.2.3.4 Capillary Isoelectric Focusing 
 
Capillary isoelectric focusing (CIEF) is a CE separation technique in which 
substances are separated on the basis of their isoelectric point (pI) values.  In this 
technique, the protein samples and a solution that forms a pH gradient are placed 
inside a capillary.  The anodic end of the column is placed into an acidic solution 
(anolyte), and the cathodic end in a basic solution (catholyte).  Under the influence of 
an applied electric field, charged protein migrates through the medium until they 
reside in a region of pH where they become electrically neutral (at their pI).  This 
process is known as focusing.  The protein zones remain narrow since a protein 
which enters a zone of different pH will become charged and migrate back.  The 
status of the focusing process is indicated by the current.  Once complete, a steady-
state is reached and current no longer flows.  After focusing, the solutes are 
mobilized and the zones passed through the detector.  Mobilization can be 
accomplished by either application of pressure to the capillary or by addition of salt 
to one of the reservoirs (Li, 1993; Heiger, 2000).  
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2.2.3.5 Capillary Isotachophoresis 
 
Another mode of CE operation is capillary isotachophoresis (CITP).  The 
main feature of CITP is that it is performed in a discontinous buffer system.  The 
separation mechanism is based on a fast leading ion, and a slow terminating ion.  In 
the separation, the leading ion must have the fastest mobility compared to the 
mobility of the solute ions of interest, and the terminating ion must have the slowest 
mobility.  The solute zones then become separated according to their relative 
mobilities, and are sandwiched between the leading and terminating ion fronts 
(Dombek and Stránský, 1989).  Unlike in other CE modes, where the amount of 
sample present can be determined from the area under the peak as in 
chromatography, quantitation in CITP is mainly based on the measured zone length, 
which is proportional to the amount of sample present (Safra et al., 2007). 
 
 
 
2.2.3.6 Capillary Electrochromatography 
 
 In capillary electrochromatography (CEC), the separation column is packed 
with a chromatographic packing which can retain solutes by the normal distribution 
equilibria upon which chromatography depends and is therefore an exceptional case 
of electrophoresis.  In CEC, the liquid is in contact with the silica wall, as well as the 
particle surface.  Consequently, electroosmosis occurs in a similar way as in open 
tube due to the presence of the fixed charges on the various surfaces.  Whereas in an 
open tube the flow is strictly plug flow, and there is no variation of flow velocity 
across the section of the column, the flow in a packed bed is less perfect because of 
the tortuous nature of the channels.  Nevertheless, it approximates closely to plug 
flow and is substantially more uniform than a pressure-driven system.  Therefore, the 
same column tends to provide higher efficiency when used in electrochromatography 
than when used in pressure-driven separations (Heiger, 2000; Fujimoto, 2002). 
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2.3  Micellar Electrokinetic Chromatography   
 
 The separation of neutral species by micellar electrokinetic chromatography 
(MEKC) is accomplished by the use of surfactants/detergents in the running buffer.  
At concentration above the critical micelle concentration (8 to 9 mM for sodium 
dodecyl sulphate (SDS), for example), micelles are formed.  Micelles are aggregates 
of individual surfactant molecules.  The hydrophobic tail groups tend to orientate 
toward the centre and the charged head groups towards the outer surface. The 
principle of MEKC is depicted in Figure 2.3, where an uncoated capillary and 
anionic surfactant are used under neutral or alkaline conditions. The surface of the 
capillary carries a negative charge due to dissociation of silanol groups in a fused-
silica capillary.  When a high voltage is applied, the anionic micelle migrates toward 
the positive electrode by its electrophoretic mobility (µep), which is in opposite 
direction to the electroosmotic mobility (µeo).  The strong EOF transports the buffer 
solution towards the negative electrode owing to the negative charge on the surface 
of the fused-silica capillary.  The velocity of EOF is faster than the electrophoretic 
velocity (νep) of the micelle in the opposite direction, resulting in a fast-moving 
aqueous phase and a slow-moving micellar phase.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3  Depiction of the principle of MEKC 
 
 
When neutral solutes are injected into the micellar solution from the positive 
end, a fraction of it is incorporated into the micelle and it migrates at the same 
  
18
velocity as that of the micelle.  The remaining fraction of the solute migrates at the 
EOF velocity.  The migration velocity of the solute thus depends on the distribution 
coefficient between the micellar and the non-micellar (aqueous) phase.  Therefore, 
neutral solutes are separated by the difference in the distribution coefficients between 
these two phases. The migration order for neutral solutes in MEKC is generally 
related to the hydrophobicity of analytes.  More hydrophobic solutes interact more 
strongly with the micellar phase and thus migrate slower than hydrophilic 
compounds.  Based on this reason, applications of MEKC on estimation of 
hydrophobicity (octanol-water partition coefficient, log Pow) of compounds were 
reported by using the linear relationship between MEKC retention factor (log k) and 
log Pow value (Herbert and Dosey, 1995; Garcia et al., 1996; Yang et al., 1996; 
Garcia-Ruiz et al., 2000). 
 
Solutes can be brought to the detector either by the surrounding or 
pseudostationary phase (PSP), depending on the analytical conditions.  The first and 
most common mode is normal migration or normal mode MEKC (NM-MEKC), 
which is characterized by a faster moving EOF compared to the PSP.  The other is 
reversed migration or reverse mode (RM) MEKC, which is characterized by a faster 
moving PSP compared to the EOF.  NM-MEKC and RM-MEKC can be performed 
basically by the control of the EOF that drives the surrounding medium or buffer.  
For example using SDS as PSP, the electrophoretic mobility of the micelle is greater 
than the EOF at pH 5 (Quirino and Terabe, 1999).  RM-MEKC can then be 
performed using buffers with pH lower than 5.  A slower EOF occurs due to 
suppressed dissociation of silanol groups at the inner surface of the capillary that 
reduces the zeta potential. 
 
Manipulation of the micellar phase in MEKC is analogous to changing the 
stationary phase in high-performance liquid chromatography (HPLC). MEKC has the 
advantage that changing the micellar phase is very easy, requiring only that the 
capillary be rinsed and filled with the micellar solution.  Some examples of the 
typical surfactant systems employed in MEKC and its critical micelle concentration 
are listed in Table 2.3.  
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Table 2.3  Typical surfactant system used for MEKC and its CMC (Nishi and 
Terabe, 1996). 
 
Surfactant CMC (mM) 
Cationic  
Dodecyltrimethylammonium bromide (DTAB) 15 
Dodecyltrimethylammonium chloride (DTAC) 20 
Cetyltrimethylammonium bromide (CTAB) 0.92 
Cetyltrimethylammonium chloride (CTAC) 1.3 
  
Anionic  
Sodium dodecyl sulfate (SDS) 8.1 
Sodium tetradecyl sulfate (STS) 2.1 
Sodium decanesulfonate 40 
Sodium dodecanesulfonate 7.2 
  
Bile salts  
Sodium cholate (SC) 13-15 
Sodium deoxycholate (SDC) 4-6 
Sodium taurocholate (STC) 10-15 
Sodium taurodeoxycholate (STDC) 2-6 
 
 
2.4  Improving Detection 
 
The most widely used detector in CE is the UV photometric detector, because 
many solutes have UV absorption and the UV detector is easily set up and is cost-
efficient.  Micellar electrokinetic chromatography, as well as other CE modes, suffers 
from low concentration sensitivity as a consequence of the short optical pathlength 
for on-capillary photometric detection and the small volume of sample solution that 
can be injected into the capillary.  With usual injection and UV detector, MEKC 
LODs are at the mg/L (ppm) levels or at least an order higher than HPLC.   Thus, one 
of the challenging areas in MEKC methods development is to increase detection 
sensitivity or to reduce limits of detections (LODs).  Various alternatives have been 
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developed for solution to this problem such as the use of highly sensitive detection 
methods such as laser induced fluorescence (Jiang and Lucy, 2002) and 
electrochemical detection (Molina et al., 2001).  The LODs for these detection modes 
are at the µg/L level or lower at least an order magnitude lower than UV detection.  
However, these methods require rather expensive and somewhat complex hardware. 
 
Some investigations focused on increasing the pathlength for photometric 
detection by manipulating the detector cell configuration guided by Beer’s law, 
wherein absorbance increases with the length through which light passes through a 
sample solution. Bubble cell detector (Petsch et al., 2005) and z-cell detector    
(Doble et al., 1998) have been introduced, which afforded from two-fold to more 
than ten-fold improvement in detector response.  The lower limit of detection and 
linear detection range also improved due to the increased light throughput of the 
bubble cell.  Since the bubble is located only in the detection region no increase in 
current occurs (Heiger 2000). 
 
A successful MEKC analysis, similar to HPLC, would often rely on a 
dedicated sample preparation regimen such as solid-phase extraction (Martınez et al., 
2003; Garcia et al., 2005).  Sample preparation regimens usually increase the 
concentration of solutes before injection into the capillary (off-line preconcentration), 
making usual photometric detectors practical for analysis.  Furthermore, this is 
usually required in real sample analysis to prevent interference emanating from the 
matrix.  
 
Another attractive alternative, of considerable interest to improve detection 
sensitivity in MEKC, is the development of on-line sample preconcentration 
techniques, which are isotachophoresis (Monton and Terabe, 2006), sample stacking 
and sweeping (Kim et al., 2001; Kim and Terabe, 2003; Palmer, 2004; Musijowski et 
al., 2006; Garcia et al., 2007).  On-line techniques are easily transferable 
technologies because of their simplicity, economy, and no requirement of 
modification in CE instrument.  These techniques can be applied to charged and 
neutral analytes, except that isotachophoresis cannot be applied to neutral ones.  
Isotachophoretic preconcentration of charged solutes is performed by the proper 
  
21
choice of leading and terminating background electrolyte.  This is usually followed 
by separation using CZE (Kvasnicka et al., 2007). 
 
 
 
2.4.1 Stacking 
 
Sample stacking is defined as the movement of ions across a boundary that 
separates regions of low and high electric fields.  Stacking is obtained when the 
conductivity of the sample is significantly lower than that of the running buffer.  
Sample stacking procedures in normal mode MEKC condition, where EOF is strong 
and analytes are brought by the EOF, is termed as normal stacking mode (NSM).  If 
the EOF is very weak and analytes are brought to the detector with the aid of the 
pseudostationary phase (in reversed mode MEKC), stacking is termed as stacking in 
reverse migrating micelles (SRMM) (Kim and Terabe, 2003).   
 
Normal stacking mode is the simplest sample stacking technique (Quirino and 
Terabe, 1997).  The dynamics of the principle of NSM with an anionic micelle is 
depicted in Figure 2.4.  The sample solution is prepared by dissolving the neutral 
analytes (N) in a low conductivity solution (water).  A long plug of low-conductivity 
solution containing the sample is injected into the capillary previously filled with a 
high conductivity separation solution or background solution (BGS) only.  The 
neutral analytes in sample solution can be quickly carried to the boundary between 
the BGS and sample solution by the fast migrating anionic micelle entering into the 
sample solution from the cathodic end, when a positive separation voltage is applied.  
Since the electric field strength in the BGS zone is low, the velocity of the micelles is 
retarded, and the analytes are focused at the boundary between BGS and the anodic 
end of the sample solution zone.  Note that the neutral analytes are brought to the 
detector by the EOF since the magnitude of the EOF is greater than the 
electrophoretic velocity of the micelle (Palmer et al., 1999; Chien, 2003). 
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Figure 2.4   Depiction of the principle of sample stacking in MEKC 
 
 
2.4.2 Sweeping 
 
Sweeping in MEKC is defined as the picking and accumulating of analytes by 
the pseudostationary phase (PS) or micelle that fills or penetrates the sample zone 
during application of voltage (Kim and Terabe, 2003).  The fundamental condition 
for sweeping is a sample matrix free of the micelle used and the sample matrix has 
similar conductivity with the running buffer (Kim et al., 2001).  Picking and 
accumulating of analytes occurs due to partitioning or interaction of analytes with 
micelles, therefore sweeping preconcentrates due to a partitioning mechanism.  
Maintaining a constant resistance along the capillary by preparing the sample in a 
matrix having a similar conductance to the micellar background solution (BGS) 
produces a homogenous electric field.  
 
The principle of sweeping in MEKC under the acidic condition is depicted in 
Figure 2.5 (Quirino et al, 2002).  In step A, sample solution (S) prepared in matrix, 
with conductivity similar to that of BGS but devoid of PS, is pressure injected into 
the capillary previously filled with the BGS at the cathodic end.  In step B, once the 
separation voltage is applied at the negative polarity with the BGS in the inlet vial, 
anionic PS (micelle) will enter the capillary and sweep (concentrates) the analytes.  
In step C, after a certain period time, the analytes are completely swept by the 
micelle.  The accumulated analytes are then separated by MEKC in the reverse 
migration mode. 
Micellar 
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Figure 2.5   Depiction of the principle of sweeping under acidic condition. 
 
 
Zhao et al. (2007) reported the on-line sweeping-MEKC technique for the 
separation and determination of all-trans- and 13-cis-retinoic acids in rabbit serum.  
Compared with the conventional MEKC injection method, the 18- and 19-fold 
improvements in sensitivity were achieved.  Otsuka et al. (2003) also reported on-
line preconcentration and enantioseparation of triadimenol by CD-EKC and CD-
MEKC.  Sweeping was used in the CD-MEKC system under an acidic condition, 
whereas stacking with a reverse migrating pseudostationary phase (SRMP) in the 
CD-EKC system.  Around 10-fold increase in the detection sensitivity for each peak 
was attained with both sweeping and SRMP systems.  However, these values are 
modest for the analysis of real samples. 
 
 
 
2.5 Chiral Separation  
 
 Chiral separations are concerned with separating the pairs of enantiomers or 
optical isomers, which can exist as nonsuperimposable mirror images (Ruthven, 
1997).  Enantiomers have identical chemical properties except in their reactivity 
toward optically active reagents.  They are identical in all physical properties except 
for the direction in which they rotate the plane of polarized right.  They rotate the 
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plane of polarized light in opposite directions but with equal magnitude.  If the light 
is rotated in a clockwise direction, the sample is said to be dextrorotatory (Latin: 
dexter) and is designed as “d” or “(+)”.  When a sample rotates the plane of polarized 
light in a counter clockwise direction, it is said to be levorotatory (Latin: laevus) and 
is designed as “l” or “(-)”.  The absolute configuration around a chiral center can be 
noted as D or L.  This notation, which is nowadays mainly used for amino acids and 
carbohydrates, correlates the configuration of D and L glyceraldehydes.  The R/S 
notation (from Latin; rectus (right) and sinister (left)), which has largely replaced the 
D/L notation, is related to the Cahn-Ingold-Prelog convention, and also be used for 
molecules containing more than one chiral center (Gokel, 2004).  
 
Separation of enantiomers has become one of the most important tasks of 
analytical chemistry especially in the field of pharmaceutical, clinical and 
agrochemical sciences, since it is well known that a pair of enantiomers can display 
different biological activity.  Although most of the published papers focused on the 
separation of chiral pharmaceuticals products, as a consequence of the more severe 
guidelines for marketing new chiral drugs, it should be recognized that the same 
principles are important for pesticides containing stereogenic centers.  In this way, a 
better knowledge of the individual degradation or toxicological data of each 
enantiomer could reduce the amount of pesticide used and avoid the unnecessary 
stereoisomer (Wang et al., 1998; Maier et al., 2001; Toribio et al., 2004). 
 
Analytical methods used so far for the chiral separation include thin-layer 
chromatography (TLC) (Bhushan, and Parshad, 1996; Nagata et al. 2001), gas 
chromatography (GC) (Nie et al., 2000; Schurig, 2002; Wong et al., 2002;      
Akapoa et al., 2004), high performance liquid chromatography (HPLC)                   
(Oi et al., 1990; Furuta and Nakazawa, 1992; Hutta et al., 2002; Li et al., 2003;     
Shapovalova, 2004; Chunguang et al., 2007), supercritical fluid chromatography 
(SFC)  (Peterson, 1994; Toribio et al., 2004) and capillary electrochromatography 
(Fujimoto, 2002).  However, a fast growing number of studies are reported on the use 
of capillary electrophoresis (CE) in chiral separation (Zhang et al., 1996; 
Chankvetadze, 1997; Ingelse, 1997; Schmitt, et al., 1997; Otsuka and Terabe, 2000; 
Wu et al., 2000; Edwards and Shamsi, 2002; Kuo et al., 2002; Otsuka et al., 2003; 
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Chankvetadze et al., 2004; Iqbal, 2004; Mertzman, 2004; Nevado et al., 2005; 
Castro-Puyana et al., 2006; Denola et al., 2007). 
 
The recent advent of CE provides a powerful analytical tool for highly 
efficient separations of chiral compounds compared to conventional chromatographic 
techniques.  The inherent ability of CE to provide high separation efficiencies 
combined with the ease of method development, short analysis time, the low 
consumption of analyte and minimal use of expensive chiral reagents make it a very 
good alternative for analytical separation of enantiomers (Penmetsa et al., 1997).  
Moreover, CE has no need for expensive chiral stationary phases, since the chiral 
selector is simply added to the buffer.  Alternatively, CE might be very useful for the 
rapid screening of novel chiral selectors, thus avoiding the waste of the laborious 
synthesis of new chiral HPLC stationary phases.  
 
Micellar electrokinetic chromatography method has been used to perform 
chiral separations (Nishi and Terabe, 1996).  Enantiomer separations are successful 
by MEKC with bile salts because these are chiral surfactants.  Sodium cholate or 
sodium deoxycholate can be used under neutral or alkaline conditions to ionize the 
carboxyl group of the surfactant.  Taurine conjugates of bile salts can also be used in 
acidic conditions because taurine has a sulfonic acid group (Boonkerd et al., 1995; 
Clothier et al., 1996). Other method of chiral separation by MEKC is to add 
cyclodextrin (CD) as chiral selector to the micellar solution, namely, cyclodextrin-
modified micellar electrokinetic chromatography (CD-MEKC) (Schmitt et al., 1997; 
Zhu et al., 2002).  In CD-MEKC separation mode, the migration behaviors of 
individual enantiomers are determined by their competitive distributions into the 
water, CD and micelles.  The advantages of MEKC/CD-MEKC for enantiomer 
separations are rapid method development, minimal use of expensive chiral reagents 
and provide high separation efficiencies.  As far as we know, there is only for limited 
reports on chiral separation of triazole fungicides by MEKC/CD-MEKC (Penmetsa, 
1997; Otsuka et al., 2003).  It is therefore of interest to develop the MEKC/          
CD-MEKC method for enantiomeric separation of the triazole fungicide compounds. 
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2.6 Objectives of the Study 
 
In this study, applications of MEKC in chiral triazole fungicides analysis are 
studied with the following objectives: 
1. To study the chiral separation of selected triazole fungicide by micellar 
electrokinetic chromatography (MEKC).  
2. To study the two on-line sample pre-concentration techniques (i.e. stacking and 
sweeping methods) for enhancing the detection sensitivity of selected triazole 
fungicides (propiconazole, tebuconazole and fenbuconazole).  
3. To validate the optimized on-line sample preconcentration-MEKC method by 
using grapes sample spiked with the selected triazole fungicides (propiconazole, 
tebuconazole and fenbuconazole).  
4. To study the influence of buffer concentration, sodium cholate concentration, 
applied voltage, organic solvent and organic modifier on the separation of four 
fungicides (carbendazim, thiabendazole, propiconazole and vinclozolin). 
 
 
2.7 Scope of the Study 
 
Application of MEKC in enantioseparation of the selected chiral triazole 
fungicides (propiconazole, tebuconazole and fenbuconazole) is studied.  The selected 
triazole compounds are commonly used as systemic agricultural fungicides 
(http://www.codexalimentarius.net/mrls/pestdes/jsp, accessed on June 2007), and 
there is no MEKC study being reported on the separation of all enantiomers of these 
fungicides.  As the previous work by Penmetsa (1997) has not been successful in 
separating the four stereoisomers of propiconazole, the initial work focused on the 
optimization process of chiral separation of propiconazole, a triazole fungicide with 
two chiral centers.  The influence of bile salts as chiral surfactants and cyclodextrins 
as chiral selectors are evaluated during method development. Parameters affecting 
separation of enantiomers such as CD concentration, buffer concentration, pH, 
surfactant concentration, and percentage of organic modifier are explored.  The 
effects of physical parameters such as separation voltage, temperature, and capillary 
length on the resolution and peak efficiency are also explored.  
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On-line sample preconcentration techniques by the use of sweeping and 
stacking methods is then developed to improve detection limits for analysis of 
selected triazole fungicide using MEKC method with UV detector. Combination of 
solid phase extraction (SPE) pretreatment and the optimized on-line sample 
preconcentration-MEKC method are applied to the analysis of selected triazole 
fungicides (propiconazole, tebuconazole and fenbuconazole) in grapes samples 
spiked at concentration level lower than the maximum residue limits. 
 
The MEKC with on-column UV detection was used for the separation of four 
fungicides (carbendazim, thiabendazole, propiconazole and vinclozolin). A sodium 
cholate surfactant was added to the buffer and the formed micelles act as a 
pseudostationary phase in the chromatographic process. The effect of buffer 
concentration, sodium cholate concentration, applied voltage, organic solvent and 
organic modifier on the separation of four fungicides were investigated. 
 
  
 
 
 
 
 
CHAPTER 3 
 
 
 
OPTIMIZATION OF MICELLAR ELECTROKINETIC 
CHROMATOGRAPHY METHOD FOR CHIRAL SEPARATION  
OF PROPICONAZOLE ENANTIOMERS 
 
 
 
3.1 Introduction 
 
The separation of enantiomers has become one of the most important fields of 
modern analytical chemistry especially for pharmaceutical or agrochemical products 
since the stereochemistry has a significant influence on the biological activity.    
Chromatography methods have been used for enantiomer separations, where chiral 
stationary phase or chiral columns are often used to achieve optical recognitions  
(Nie et al., 2000; Ellington et al., 2001).  Several chiral additives to mobile phases 
are also used instead of chiral stationary phases in high-performance liquid 
chromatography (HPLC) (Wang et al., 2008).  However, the use of chiral stationary 
phase as well as chiral additives in chromatography method is usually expensive 
since large amounts of stationary phases or additives are required (Heiger, 2000; 
Maier et al., 2001).  Recently, an increasing number of studies have been published 
concerning the electrophoretic separations of chiral compounds (Zhu et al., 2002; 
Otsuka et al., 2003; Chankvetadze et al., 2004; Nevado et al., 2005). 
 
Micellar electrokinetic chromatography (MEKC) is a hybrid of 
electrophoresis and chromatography.  It was introduced by Terabe et al. in 1984.  
MEKC has shown to be a powerful separation technique for separation of 
enantiomers (Schmitt et al., 1997; Otsuka and Terabe, 2000; Edwards and Shamsi, 
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2002).  The inherent ability of MEKC to provide high separation efficiencies 
combined with rapid method development and minimal use of expensive chiral 
reagents makes it an ideal technique for enantiomer separations.  In MEKC, two 
modes of enantiomers separation are mainly used: (1) MEKC using chiral 
surfactants, and (2) MEKC using cyclodextrin (CD) as chiral selector (CD-MEKC) 
(Nishi and Terabe, 1996).  In CD-MEKC separation mode, the migration behaviors 
of individual enantiomers are determined by their competitive distributions into the 
three “phases” (water, CD and micelles).  The addition of CD to the buffer displace 
the distribution of the analytes from the micellar to the water phase as a function of 
the possible interaction between the water soluble CD and the analytes.  There are 
various parameter affecting the separation of analytes in MEKC; changing buffer pH, 
buffer concentration, surfactant type, organic modifier (additive), temperature, 
separation voltage, capillary length, etc (Heiger, 2000; Molina and Silva, 2000; Hsieh 
et al., 2001).  
 
There are several pesticide components that are optically active. 
Propiconazole is a chiral triazole fungicide compound that has two enantiomeric 
pairs or four individual stereoisomers (Spindler and Fruh, 1998).  The agricultural 
uses are for vegetables and fruits such as grapes, stone fruits and mango          
(Scaroni et al., 1996).  The chiral separation of propiconazole has been performed 
using supercritical fluid chromatography on Chiralpak AD column (Toribio et al., 
2004) and sulfated-β-cyclodextrin-mediated capillary electrophoresis (Wu et al., 
2001).  The HPLC method with Whelk-O 1 column was also used for the chiral 
separation of propiconazole.  The amount of organic solvent used was 70 mL and run 
time of 70 minutes.  However, only three peaks of propiconazole were poorly 
separated in this HPLC method (http://www.registech.com/chiral/applications, 
accessed on June 2007). 
 
Penmetsa (1997) also reported the enantiomeric and isomeric separation of 
seven commonly used pesticides (including propiconazole) by micellar electrokinetic 
chromatography (MEKC).  Commercially available surfactants used alone or in 
combination with cyclodextrins were evaluated for the separation of the 
enantiomers/isomers of the 7 pesticides.  However, only two peaks of propiconazole 
were observed in this study (Figure 3.1).  For this reason, the aim of this work is to 
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study the MEKC method for the novel separation of two enantiomeric pairs (four 
individual stereoisomers) of propiconazole (Figure 3.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1   Separation of propiconazole enantiomers (Penmetsa, 1997). 
Analysis conditions: 50-µm I.D. × 47-cm long (40-cm to detector) capillary column; 
pressure injection (2 s = 2.0 nL); 50 mM NaH2PO4 + 50 mM SDS + 15 mM DM-β-
CD buffer, pH 7.0; 20 kV (67 µA); 214-nm UV absorbance.  
 
 
In this study, the effect of bile salts (sodium cholate and sodium 
deoxycholate) as chiral surfactants at different concentrations on the enantiomeric 
separation of propiconazole was first explored followed by the effect of 2-
hydroxypropyl-γ-cyclodextrin (HP-γ-CD) as chiral selector.  In addition, parameters 
affecting enantiomeric separation of propiconazole; including phosphate buffer 
concentration, pH, surfactant (SDS) concentration, separation temperature, separation 
voltage, capillary length and percentage of organic modifiers were also explored.  
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Figure 3.2  Chemical structures of propiconazole enantiomers 
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3.2 Experimental 
 
3.2.1 Standards and Chemicals 
 
 Propiconazole was obtained from Dr. Ehrenstorfer GmbH (Augsburg, 
Germany), sodium cholate from Anatrace (Ohio, USA), sodium deoxycholate from 
TCI Kasei (Tokyo, Japan), disodium tetraborate 10-hydrate from Merck (Darmstadt, 
Germany), 2-Hydroxypropyl-γ-cyclodextrin (HP-γ-CD) from Sigma (St. Louis, MO, 
USA), sodium dodecyl sulfate (SDS) from Fisher Scientific (Loughborough, UK), 
sodium hydroxide pellets and disodium hydrogen phosphate 12-hydrate from Riedel-
de Haen (Seelze, Germany).  All other chemicals and solvents were common brands 
of analytical-reagent grade or better, and were used as received.  Water was collected 
from a Water Purification System from Millipore (Molsheim, France). 
  
Stock standard (approximately 2000 mg/L) of the propiconazole was prepared 
by dissolving the compound in methanol.  The sample to be injected was at typical 
concentration of 200 mg/L, and was made by diluting the stock solution with 
methanol.  Separation solutions were prepared by dissolving surfactants, HP-γ-CD 
and organic modifier at an adequate concentration in buffers and were filtered 
through 0.45 µm nylon syringe filter from Whatman (Clifton, NJ, USA) prior to use.  
Phosphoric acid solution (10% v/v) was used for adjusting the pH of the buffer.  
 
 
 
3.2.2 Methods 
 
 In the initial study, separation of propiconazole enantiomers by MEKC with 
bile salt was carried out using a CE-L1 capillary electrophoresis system (CE 
Resources Pte Ltd., Singapore).  The detection wavelength was 210 nm. Separations 
were performed using a fused-silica capillary of 82 cm × 50 µm i.d. (effective length, 
38.5 cm to the detector window) obtained from Polymicro Technologies (Phoenix, 
AZ, USA).  The fresh capillaries were rinsed with 1 M NaOH solution for 10 
minutes, 0.1 M NaOH for 5 minutes, deionized water for 5 minutes and finally 
equilibrated with an appropriate running buffer for 10 minutes.  Between runs the 
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capillary was washed with 0.1 M NaOH and water for 2 min each and with run buffer 
for 3 min.  Sample injection was performed electrokinetically for 1 to 10s.  All 
sample injections were performed in triplicate.  The separation voltage was +30 kV 
(current, 50 mA) and the capillary temperature was maintained at 25ºC.  Analytical 
data from CE-L1 capillary electrophoresis system were collected and processed using 
the Chromatography Station CSW 1.7 supplied with the instrument. 
 
The Agilent capillary electrophoresis system (Agilent Technologies, 
Waldbronn, Germany), equipped with temperature control and diode array detection 
(DAD) was then employed for all enantiomeric separation of propiconazole by CD-
MEKC.  Separations were performed using an untreated fused silica capillary 
obtained from Polymicro Technologies (Phoenix, AZ, USA).  Sample injection was 
performed hydrodynamically for 1s at 50 mbar. All sample injections were 
performed in triplicate.  The detection wavelength was 200 nm.  The separation 
voltage and capillary temperature were optimized.  Analytical data from the Agilent 
3DCE were collected and processed on a Hewlett Packard Kayak XA system 
(Agilent Technologies) using Chemstation software. 
  
Each set of results was evaluated for resolution (Rs) and peak efficiency (N). 
The Rs and N values were calculated using the equation via ChemStation software as 
follows. 
 
Rs = (2.35/2) (tR(b)-tR(a))/(w50(b)+w50(a))   (3.1) 
 
N = 5.54 (tR /w50)2                (3.2) 
 
where tR is the peak retention time (min), w50 is the peak width at half-height (min), 
and (a) and (b) denote peaks one and two respectively. 
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3.3 Results and Discussion 
 
3.3.1 Separation of Propiconazole Enantiomers by MEKC Using Bile Salts as  
Chiral Surfactant 
 
 Bile salts are anionic surfactants found in biological sources. They have 
steroidal structures and form helical micelles having a reversed micelle 
conformation. They are useful for the separation of hydrophobic compounds. 
Enantiomeric separation was also successful with bile salts because these are natural 
chiral surfactants (Nishi and Terabe, 1996).  The chiral recognition of 3-hydroxy-l,4-
benzodiazepines were achieved by MEKC with sodium cholate as surfactant 
(Boonkerd et al., 1995).  In addition, the 2R and 2S diastereomers of dl-α-tocopherol 
were successfully separated with MEKC using bile salts (cholate, deoxycholate, 
taurocholate and taurodeoxycholate) as chiral selector, and SDS as a solubilizing 
agent for hydrophobic dl-α-tocopherol (Ahn, 2005). 
 
 In this study, the effect of different bile salt types (sodium cholate and sodium 
deoxycholate) at different concentrations was evaluated to resolve the four 
enantiomers of propiconazole.  Sodium cholate (SC) is a trihydroxy bile salt, while 
sodium deoxycholate (SDC) is a dihydroxy bile salt.  The effect of injection voltage, 
injection time and sample solvent were also evaluated in the initial study.  
 
 
 
3.3.1.1 Effect of the Sample Injection Voltage and Injection Time 
 
The effect of injection voltage and injection time on the enantiomeric 
separation of propiconazole by MEKC using bile salt as chiral surfactant was 
explored in this initial study.  Injection voltage was varied from 1 to 5 kV and 
injection time was varied from 1 to 10 s.  Enantiomeric separations of propiconazole 
by MEKC-bile salts with different sample injection voltage and injection time are 
shown in Figures 3.3 and 3.4, respectively.  However, only two peaks of 
propiconazole were observed under these conditions and the migration time was not 
significantly different.  
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Figure 3.3  Enantiomeric separation of propiconazole by MEKC-bile salts with 
different sample injection voltages; injected electrokinetically for 5 s.  Separation 
solution: (A) 80 mM sodium cholate, (B) 40 mM sodium deoxycholate; with 5% 
(v/v) methanol in 5 mM tetraborate (pH 9.6); capillary, 82 cm × 50 µm i.d. (effective 
length, 38.5 cm); applied voltage, 30 kV; current, 50 mA (max); detection 
wavelength, 210 nm; temperature, 25ºC; sample, 200 mg/L propiconazole (in 
methanol). 
 
Figure 3.4   Enantiomeric separation of propiconazole by MEKC-bile salts with 
different sample injection times; injected electrokinetically at 3 kV. Separation 
solution: (A) 80 mM sodium cholate, (B) 40 mM sodium deoxycholate; with 5% 
(v/v) methanol in 5 mM tetraborate (pH 9.6); other analysis conditions as in Figure 
3.3. 
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The resolutions (Rs) and efficiencies (N) obtained for propiconazole 
enantiomers with different sample injection voltage and injection time are presented 
in Table 3.1.  As can be seen in Table 3.1, the best resolution between enantiomers of 
propiconazole was obtained at 3 kV injection voltage and 5 s injection time             
(Rs = 1.96, for SC, and Rs = 1.52 for SDC).  The highest peak efficiency (N) was also 
obtained at 3 kV injection voltage and 5 s injection time (N > 15 000, for SC; and     
N > 13 000, for SDC). 
 
Table 3.1   Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
MEKC-bile salt with different injection voltages and injection times. 
 
Bile salts Injection N(P1) N(P2) Rs 
SCa 
 
5 s / 1 kV 
5 s / 3 kV 
5 s / 5 kV 
ns 
15 824 
13 256 
ns 
17 859 
14 798 
ns 
1.96 
1.65 
SCb 
 
3 kV / 1 s 
3 kV / 5 s 
3 kV / 10 s 
ns 
15 824 
4731 
ns 
17 859 
4531 
ns 
1.96 
0.82 
SDCa 
 
5 s / 1 kV 
5 s / 3 kV 
5 s / 5 kV 
ns 
13 356 
4758 
ns 
17 055 
6240 
ns 
1.52 
1.06 
SDCb 
 
3 kV / 1 s 
3 kV / 5 s 
3 kV / 10 s 
ns 
13 356 
2381 
ns 
17 055 
4903 
ns 
1.52 
0.72 
aAnalysis conditions as in Figure 3.3; bAnalysis conditions as in Figure 3.4.  
P1 and P2 are first and second-migrating peaks, respectively. 
ns: no significant peaks (broad peaks) 
 
 
3.3.1.2 Effect of the Sample Solvent 
 
Ahn (2005) reported that different sample solvents could affect the separation 
of 2R and 2S diastereomers of dl-α-tocopherol by MEKC using bile salts.  In this 
study, the effect of three sample solvents (methanol, buffer/separation solution, and 
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water) on the enantiomeric separation of propiconazole by MEKC using bile salt was 
also investigated. Enantiomeric separations of propiconazole by MEKC with 
different sample solvents are shown in Figure 3.5.  However, only two peaks of 
propiconazole were also observed under these conditions and the migration time was 
not significantly different.  
Figure 3.5   Enantiomeric separation of propiconazole by MEKC-bile salts with 
different sample solvents. (A) 80 mM sodium cholate, and (B) 40 mM sodium 
deoxycholate; with 5% (v/v) methanol in 5 mM tetraborate buffer (pH 9.6); other 
analysis conditions as in Figure 3.3. 
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The resolutions (Rs) and efficiencies (N) obtained for propiconazole 
enantiomers with different sample solvents are presented in Table 3.2.  The best 
separation was obtained with methanol as sample solvent (Rs = 1.96 and  N > 15 000 
for SC; Rs = 1.52 and N > 13 000 for SDC).  For this reason, methanol as sample 
solvent was employed in all subsequent investigations. 
 
Table 3.2   Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
MEKC-bile salt with different sample solvents. 
 
Bile salt Sample solvent N(P1) N(P2) Rs 
SC methanol 
buffer 
water 
15 824 
12 243 
12 586 
17 859 
15 680 
14 006 
1.96 
1.65 
1.54 
 
SDC methanol 
buffer 
water 
13 356 
11 867 
7081 
17 055 
13 172 
6613 
1.52 
1.46 
1.10 
Analysis conditions as in Figure 3.5. 
 
 
 
3.3.1.3 Effect of Bile Salts Concentration 
 
The effect of bile salts concentration on the enantiomeric separation of 
propiconazole were examined by adding 60 - 100 mM sodium cholate (SC) and 20 - 
80 mM sodium deoxycholate (SDC) to a 5 mM tetraborate buffer (pH 9.3) containing 
5% (v/v) methanol.  All concentrations of the bile salts are above its critical micelle 
concentration (SC: 13-15 mM; SDC: 4-6 mM).  Enantiomeric separation of 
propiconazole by MEKC with different bile salt types and concentrations are shown 
in Figure 3.6.  Only two peaks of propiconazole were observed under these 
conditions.  The migration time of enantiomers increased with increasing bile salts 
concentration due to the increasing viscosity of the solution.   
 
The resolutions (Rs) and efficiencies (N) obtained for propiconazole 
enantiomers with different bile salts concentrations are presented in Table 3.3.  In all 
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cases, peak efficiency increased with increasing bile salts concentration.  While for 
peak resolution, the best resolution was obtained at 80 mM sodium cholate (Rs = 1.96 
with N > 15 000) and at 40 mM sodium deoxycholate (Rs = 1.52 with N > 13 000), 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6   Separation of propiconazole enantiomers by MEKC with different bile 
salt types and concentrations: (A) sodium cholate and (B) sodium deoxycholate; in   
5 mM tetraborate (pH 9.6) containing 5% (v/v) methanol; other analysis conditions 
as in Figure 3.3. 
 
Table 3.3   Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
MEKC with different bile salt types and concentrations. 
 
Bile salt Concentration 
(mM) 
N (P1) N (P2) Rs 
SC 60 10 402 15 052 1.87 
 80 15 824 17 859 1.96 
 100 21 988 29 793 1.86 
 20 2 328 2 033 1.21 
     
SDC 40 13 356 17 055 1.52 
 60 24 132 25 768 1.29 
 80 24 869 22 312 0.99 
Analysis conditions as in Figure 3.6. 
     60 mM
      80 mM
             100 mM
 
20 mM 
40 mM 
60 mM 
80 mM 
(A) (B) 
 
   
0          5      10              15           0        5                 10             15
[mV] 
     2 
 
 
 
 
 
     1 
 
 
 
 
 
     0 
[mV] 
     2 
 
 
 
 
 
     1 
 
 
 
 
 
     0 
Time [min] Time [min]
  
40
 
 As mentioned before only two peaks of propiconazole were observed under 
these conditions.  The results obtained in this work on the enantiomeric separation of 
propiconazole by MEKC using bile salts as chiral surfactant is similar with those 
obtained by other author (Penmetsa, 1997).  Since the enantiomeric separation of 
propiconazole by MEKC using bile salts as chiral surfactants was not satisfactory, 
the use of an achiral ionic surfactant (SDS) with a derivatized neutral cyclodextrin 
(HP-γ-CD) as chiral selector was then explored in order to achieve the best 
separation of two pairs of propiconazole enantiomers by CD-MEKC method.    
Derivatized cyclodextrins is one of the most widely used chiral selectors due to their 
water solubility and low UV absorbance.  
 
 
 
3.3.2 Separation of Propiconazole Enantiomers by CD-MEKC Using HP-γ-CD  
as Chiral Selector 
  
 Hydroxypropyl-γ-cyclodextrin (HP-γ-CD) is a nonionic cyclic 
oligosaccharides consisting of eight glucose units and has numerous chiral 
recognition centers.  It has been used as chiral selector in CD-MEKC methods 
(Penmetsa, 1997; Edwards and Shamsi, 2002; Otsuka et al., 2003).  In this study, 
separations of two enantiomeric pairs (or four individual stereoisomers) of 
propiconazole was successfully achieved using HP-γ-CD as chiral selector and 
sodium dodecyl sulfate (SDS) as an achiral micelle in phosphate buffer containing 
methanol and/or acetonitrile as organic modifier. The parameters affecting 
separation; including HP-γ-CD concentration, buffer phosphate concentration, pH, 
surfactant (SDS) concentration, separation temperature, applied voltage, capillary 
length and percentage of organic modifiers were varied in order to achieve the 
optimal conditions for separation of two enantiomeric pairs of propiconazole. 
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3.3.2.1 Effect of HP-γ-CD Concentration 
  
In this study, the HP-γ-CD concentration was varied in order to achieve 
separation of two pairs of propiconazole enantiomers by CD-MEKC.  Enantiomeric 
separation of propiconazole by CD-MEKC with different HP-γ-CD concentrations is 
shown in Figure 3.7.  Separation was successfully achieved for all propiconazole 
enantiomers using HP-γ-CD with concentration range from 10 to 40 mM in 25 mM 
phosphate buffer (pH 7.0) containing 50 mM SDS and 15% (v/v) methanol.  
 
The migration time of propiconazole enantiomers were gradually shortened 
with stepwise increase in the concentration of HP-γ-CD.  This is expected since with 
increasing HP-γ-CD concentration more of the analyte will become included in the 
HP-γ-CD phase and will be transported quickly towards the detector.  The addition of 
HP-γ-CD to the buffer displace the distribution of the enantiomers from the micellar 
to the water phase as a function of the possible interaction between the water soluble 
HP-γ-CD and the enantiomers.   The results obtained in this work is similar with 
those obtained by other authors on the chiral separation of polychlorinated biphenyls 
using a combination of HP-γ-CD and a polymeric chiral surfactant (Edwards and 
Shamsi, 2002) and the chiral separation of pemoline enantiomers by CD-MEKC 
using    mono-3-0-phenylcarbamoyl-β-CD  (Zhu et al., 2002). 
 
The resolutions and efficiencies obtained for propiconazole enantiomers at 
different HP-γ-CD concentrations are presented in Table 3.4.  The highest resolution 
was obtained between the first and second-migrating peaks (Rs, P1-P2, = 2.59), and 
between third and fourth-migrating peaks (Rs, P3-P4, = 1.58) at 30 mM HP-γ-CD.  
The highest resolution for the second and third-migrating peaks (Rs, P2-P3, = 4.74) 
was obtained at 10 mM HP-γ-CD, whereas the resolution between P2-P3 at 30 mM 
HP-γ-CD was 3.59.  The best peak efficiency was obtained at 30 mM HP-γ-CD (N > 
260 000).  Based on this data, optimal concentration for HP-γ-CD was decided to be 
30 mM.  This concentration was employed in all subsequent investigations. 
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Figure 3.7  Enantiomeric separation of propiconazole by CD-MEKC with different 
HP-γ-CD concentrations.  Sample, 200 mg/L propiconazole (in methanol), injected 
hydrodynamically (HDI) for 1 s at 50 mbar; separation solution: 10-40 mM           
HP-γ-CD, 50 mM SDS, and 15% (v/v) methanol in 25 mM phosphate buffer (pH 7); 
capillary, 64.5 cm × 50 µm i.d. (effective length, 56 cm); applied voltage, +30 kV; 
detection wavelength, 200 nm, temperature, 20ºC. 
 
 
 
 
40 mM 
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20 mM 
10 mM 
Time [min] 
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Table 3.4  Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC with different HP-γ-CD concentrations 
 
[HP-γ-CD] Rs N 
(mM) P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
10 1.47 4.74 1.08 133 083 114 214 108 313 53 034 
20 1.91 3.80 1.06 90 093 70 446 86 776 30 557 
  30* 2.59 3.59 1.58 320 290 328 236 312 544 260 557 
40 1.58 1.78 0.90 154 445 178 882 141 852 192 919 
Analysis conditions as in Figure 3.7; notation:  
P1, P2, P3, and P4 are first, second, third, and fourth-migrating peaks of 
propiconazole, respectively;  
P1-P2, P2-P3, and P3-P4 are enantiomeric resolution between peaks 1 and 2, peaks 2 
and 3, peaks 3 and 4, respectively. 
* The best condition with relative standard deviation (RSD, n = 3) in all cases for    
Rs is < 4.0%; and RSD for N is < 6.5%.  
 
 
 
3.3.2.2 Effect of Phosphate Buffer Concentration  
 
Varying the concentration of buffer can also affect the resolution of chiral 
compounds (Edwards and Shamsi, 2002; Zhu et al., 2002).  In this study, the effect 
of phosphate buffer concentration on the resolutions and efficiencies of 
propiconazole enantiomers was also evaluated at the optimal HP-γ-CD concentration.  
Enantiomeric separation of propiconazole by CD-MEKC with different buffer 
concentrations is shown in Figure 3.8.  As can be seen in Figure 3.8, separation was 
successfully achieved for all propiconazole enantiomers with concentration range of 
phosphate buffer (pH 7.0) from 10 to 50 mM.  An increase in the concentration of 
buffer from 10 to 50 mM caused a significant increase in the migration time of all the 
propiconazole enantiomers. This is consistent with several publications that 
increasing buffer concentrations can increase the analysis times due to the increasing 
viscosity of the buffer solution (Alam, 2005; Denola et al., 2007). 
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Figure 3.8  Enantiomeric separation of propiconazole by CD-MEKC with different 
phosphate buffer concentrations. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, 
and 15% (v/v) methanol in 10-50 mM phosphate buffer (pH 7.0); other conditions as 
in Figure 3.7. 
 
 
The resolutions and efficiencies obtained for propiconazole enantiomers with 
different phosphate buffer concentrations are presented in Table 3.5.  It can be seen 
that the highest enantiomeric resolution for P2-P3 was obtained with 50 mM 
phosphate buffer (Rs = 3.65), while for P1-P2 and P3-P4, the highest resolution was 
obtained at 25 mM phosphate buffer.  The highest peak efficiency was obtained with 
10 mM 
25 mM 
50 mM 
Time [min] 
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25 mM phosphate buffer (N > 260 000).  Based on this data, 25 mM phosphate buffer 
was selected for optimal concentration since it yielded very good peak efficiencies 
and resolutions between enantiomers, with relatively short migration time. This 
concentration was employed in all subsequent investigations. 
 
Table 3.5  Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC with different phosphate buffer concentrations (pH 7.0) 
 
[Phosphate] Rs N 
(mM) P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
10 1.47 2.38 1.18 158 896 201 788 165 666 249 817 
  25* 2.59 3.59 1.58 320 290 328 236 312 544 260 557 
50 2.14 3.65 1.04 159 514 148 739 146 678 107 371 
Analysis conditions as in Figure 3.8; notation as in Table 3.4. 
 
 
 
3.3.2.3 Effect of Phosphate Buffer pH 
 
Variation in the buffer pH can also affect the resolution of chiral compounds 
(Wu et al., 2000; Castro-Puyana et al., 2006).  It affects both the charges of the 
analytes and the magnitude of the EOF (Zhu et al., 2002).  In this study, the effect of 
buffer pH on the chiral separation of propiconazole enantiomers was investigated at 
different pHs, ranging from 7.0 to 9.4 (neutral and basic pH) and from 2.0 to 5.0 
(acidic pH) with MEKC separation buffer containing 30 mM HP-γ-CD, 50 mM SDS, 
15% methanol in 25 mM phosphate buffer.  A pH 9.4 was selected as maximal basic 
pH in order to increase the lifetime of the capillary since higher pH degraded the 
silica inner wall of the capillary rapidly.  Enantiomeric separation of propiconazole 
by CD-MEKC under neutral and basic pH is shown in Figure 3.9.   
 
At neutral and basic pHs, separation was observed where detection was 
carried out at the cathodic end of the capillary and all enantiomers migrated towards 
the negative electrode due to the strong electroosmotic flow (EOF).  As can bee seen 
in Figure 3.9, separation was successfully achieved for all propiconazole enantiomers 
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with pH range of phosphate buffer from 7.0 to 9.4.  Whereas at acidic pHs, detection 
point was placed at the anodic end.  Enantiomers migrated toward the positive 
electrode due to the suppressed EOF.  Enantiomeric separation of propiconazole by 
CD-MEKC under acidic pH is shown in Figure 3.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9  Enantiomeric separation of propiconazole by CD-MEKC under neutral 
and basic pHs. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and 15% (v/v) 
methanol in 25 mM phosphate buffer; other conditions as in Figure 3.7. 
 
 
 
 
pH 7.0 
pH 8.0 
pH 9.4 
Time [min] 
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Figure 3.10  Enantiomeric separation of propiconazole by CD-MEKC under acidic 
pHs. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and 15% (v/v) methanol in 
25 mM phosphate buffer; applied voltage, -30 kV; other conditions as in Figure 3.7. 
 
 
As can be seen in Figure 3.10, incomplete separation of the propiconazole 
enantiomers was observed at pH 2.0.  Separation of propiconazole enantiomers was 
successfully achieved at pH 3.0 and 4.0.  Further increases in buffer pH (pH 5.0) 
resulted in the broad peaks and analysis time more than 60 min.  For this reason, pH 
6.0 was not then explored in further investigation.  A decrease in pH from 5.0 to 2.0 
resulted in a decrease of the migration times of the propiconazole enantiomers.  A 
reason behind this observation is that lower pH suppresses the EOF inside the 
pH 2.0 
pH 3.0 
pH 4.0 
pH 5.0  
 
Time [min] 
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separation capillary.  In addition, the reversal of the enantiomer migration order of 
propiconazole occurs under acidic buffer pH, because of the reversal of the migration 
direction.  
 
The resolutions and efficiencies obtained for propiconazole enantiomers with 
different buffer pHs are presented in Table 3.6.  Under neutral and basic pHs, 
resolution values (Rs) of all propiconazole enantiomers were found to be greater than 
1.20.  The best separation was obtained at pH 7.0 (Rs > 1.50 and N > 260 000).  For 
acidic pH, the best separation for all enantiomers was obtained at pH 3.0 (Rs ≥ 1.30 
and N > 159 000). Based on this data, optimal pH was chosen as pH 7.0 for 
separation of propiconazole enantiomers by normal migration CD-MEKC. In 
addition, pH 3.0 was selected as optimal pH for separation of triazole fungicide 
enantiomers by reversal migration CD-MEKC under acidic pH (in Chapter 4).  This 
pH was employed in all subsequent investigations. 
 
 
Table 3.6   Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC with different phosphate buffer pHs. 
 
pH Rs N 
 P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
9.4 2.03   2.79   1.21 158 827 158 342 139 233 135 622 
8.0 1.88    2.54   1.22  148 356 164 393 156 376 157 182 
  7.0* 2.59 3.59 1.58 320 290 328 236 312 544 260 557 
5.0 ns ns ns ns ns ns ns 
4.0 1.13 2.61 2.02 82 774 79 449 84 311 89 723 
  3.0* 1.30 4.34 2.33 171 759 182 697 159 083 187 774 
2.0 nr nr nr nr nr nr nr 
Analysis conditions as in Figure 3.9 (pH 7.0-9.4) and Figure 3.10 (pH 2.0-5.0); 
notation as in Table 3.4; ns: peaks were not significant (broad peaks); nr: not 
resolved. 
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3.3.2.4 Effect of SDS Concentration 
 
The concentration of the micellar phase can affect to the chiral separation in 
MEKC (Otsuka et al., 2003; Ahn, 2005).  The SDS monomers can have their 
hydrophobic tails co-included in the cyclodextrin cavity along with the analyte.  This 
could change the nature of the solute and CD interaction and consequently the 
resolution (Noroski et al., 1995; Zhu et al., 2002).  In this study, the effect of SDS 
concentration on the enantiomeric separation of propiconazole was evaluated at the 
optimal HP-γ-CD and phosphate buffer concentrations, and pH 7.0.  The SDS 
concentration was varied from 10 to 75 mM. Enantiomeric separation of 
propiconazole by CD-MEKC with different SDS concentration is shown in Figure 
3.11.  
 
An increase in the concentration of SDS caused a significant increase in the 
migration time of all propiconazole enantiomers due to the increasing viscosity of the 
solution at increasing SDS concentration.  It may be also that the increased fraction 
of the solute partitioning into the SDS micellar phase at higher SDS concentrations 
delays the migration time of the solute.  This observation has also been reported by 
other authors on the enantiomeric separation of pemoline (Zhu et al., 2002) and 
triadimenol (Otsuka et al., 2003) by CD-MEKC. 
 
Variation of the resolutions and efficiencies obtained for propiconazole 
enantiomers with different SDS concentrations are presented in Table 3.7.  At 10 and 
25 mM SDS, separation of propiconazole enantiomers were not successfully 
achieved, while at 50 and 75 mM SDS, all the propiconazole enantiomers were 
observed.  The best resolutions (Rs > 1.5) and peak efficiencies (N > 260 000) for all 
enantiomers were obtained at 50 mM SDS.  Optimal concentration chosen for SDS 
was 50 mM, since it yielded very good peak efficiencies and resolutions between 
enantiomers with relatively short migration time. This concentration was employed 
in all subsequent investigations.  
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Figure 3.11  Enantiomeric separation of propiconazole by CD-MEKC with different 
SDS concentrations. Separation solution: 30 mM HP-γ-CD, 10-50 mM SDS, and 
15% (v/v) methanol in 25 mM phosphate buffer (pH 7.0); other conditions as in 
Figure 3.7. 
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Table 3.7  Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC with different SDS concentrations. 
 
[SDS] Rs N 
(mM) P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
10 nr nr nr nr nr nr nr 
25 nr nr nr nr nr nr nr 
  50* 2.59 3.59 1.58 320 290 328 236 312 544 260 557 
75 2.36 2.93 1.19 376 662 318 945 263 287 157 684 
Analysis conditions as in Figure 3.11; notation as in Table 3.4; nr: not resolved. 
 
 
 
3.3.2.5 Effect of Separation Temperature  
 
 Temperature is an important parameter to control in enantiomeric separations. 
Variation in the temperature can produce changes in migration times and resolution, 
being also affected the enantioresolution (Toribio et al., 2007).  In this study, the 
effect of varying separation temperature (20, 25 and 30ºC) was investigated on the 
enantiomeric separation of propiconazole.  The typical enantiomeric separation of 
propiconazole by CD-MEKC at different temperatures is shown in Figure 3.12.  
Separation was successfully achieved for all propiconazole enantiomers at this 
temperature range.  Analysis time was significantly decreased from 27 to 19 min 
when the temperature was increased from 20 to 30ºC.  The results obtained in this 
work agree with those obtained by other authors (Castro-Puyana et al., 2006;   
Denola et al., 2007) who have found that an increase in temperature causes a 
reduction in migration time because of the decrease in the viscosity of the buffer 
solution. 
 
The resolutions and efficiencies obtained for propiconazole enantiomers at 
different temperatures are presented in Table 3.8.  The highest resolution between the 
first and second-migrating peaks (Rs, P1-P2, = 3.09), and between the third and 
fourth-migrating peaks (Rs, P3-P4, = 1.91) was obtained at 20ºC, while the highest 
resolution between the second and third migrating peaks (Rs, P2-P3, = 6.72) was 
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obtained at 30ºC.  Increasing the temperature reduced the peak efficiencies of all the 
propiconazole enantiomers.  Looking at the resolutions, efficiencies and analysis 
time, the use of 20ºC is favorable.  This separation temperature was employed in all 
subsequent investigations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12  Enantiomeric separation of propiconazole by CD-MEKC at different 
separation temperatures. Separation solution: 30 mM HP-γ-CD, 10-50 mM SDS, and 
20% (v/v) methanol in 25 mM phosphate buffer (pH 7.0); other conditions as in 
Figure 3.7. 
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Time [min] 
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Table 3.8  Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC at different temperatures. 
 
Temperature Rs N 
(oC) P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
  20* 3.09 5.86 1.91 359 234 368 016 354 898 314 217 
25 2.52 6.37 1.43 357 413 360 245 352 324 280 488 
30 2.05 6.72 1.05 355 376 352 029 325 445 268 324 
Analysis conditions as in Figure 3.12; notation as in Table 3.4. 
 
 
 
3.3.2.6 Effect of Separation Voltage 
 
 Varying separation voltage can also produce changes in migration times and 
resolution, being also affected the enantioresolution of chiral compound           
(Denola et al., 2007).  In this study, the effect of separation voltage (20, 25 and 30 
kV) was evaluated on the enantiomeric separation of propiconazole. Typical 
enantiomeric separation of propiconazole by CD-MEKC at different separation 
voltages is shown in Figure 3.13.   
 
Separation was successfully achieved for all propiconazole enantiomers at 
this separation voltage range.  Analysis times were reduced from 47 to 27 min with 
increasing the separation voltage from 20 to 30 kV.  It is well known that an increase 
in voltage increases the rate of electroosmotic flow and migration times become 
shorter (Heiger, 2000).  The result obtained in this work is similar with those 
obtained by other authors (Edwars and Shamsi, 2002; Denola   et al., 2007). 
 
The resolutions and efficiencies obtained for propiconazole enantiomers at 
different separation voltages are presented in Table 3.9.  The highest enantiomeric 
resolution between all enantiomers (Rs > 1.90) and peak efficiencies (N > 310 000) 
were obtained at 30 kV.  Based on this data, optimal separation voltage was chosen as 
30 kV.  This separation voltage was employed in all subsequent investigations.  
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Figure 3.13  Enantiomeric separation of propiconazole by CD-MEKC at different 
separation voltages. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and       
20% (v/v) methanol in 25 mM phosphate buffer (pH 7); other conditions as in Figure 
3.7. 
 
Table 3.9  Resolutions (Rs) and efficiencies (N) of propiconazole enantiomers by 
CD-MEKC with different separation voltages. 
Voltage Rs N 
(kV) P1-P2 P2-P3 P3-P4 P1 P2 P3 P4 
20 2.17 3.30 1.46 113 938 112 476 109 582 131 114 
25 2.67 4.34 1.53 164 528 154 977 139 403 111 739 
  30* 3.09 5.86 1.91 359 234 368 016 354 898 314 217 
Analysis conditions as in Figure 3.13; notation as in Table 3.4. 
30 kV 
25 kV 
20 kV 
Time [min] 
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3.3.2.7 Effect of Capillary Length 
 
The effect of capillary length on the chiral separation of propiconazole was 
investigated in this study by using long-end capillary (Ld = 56 cm, Lt = 64.5 cm), and 
short-end capillary (Ld = 24.5 cm, Lt = 33 cm).  Ld is the effective capillary length 
from the point of injection to the point of detection, and Lt is the total capillary 
length.  As can be seen in Figure 3.14, separation of all propiconazole enantiomers 
was successfully achieved using long-end capillary, while using short-end capillary 
only two isomers of propiconazole were observed.  This observation is similar with 
those obtained by other authors (Noroski et al., 1995) who have found the longer 
capillary resulted in greater resolution on the determination of the enantiomer of a 
cholesterol-lowering drug by CD-MEKC.  Based on this data, long-end capillary was 
employed in all subsequent investigations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14  Enantiomeric separation of propiconazole by CD-MEKC with different 
capillary lengths. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and 20% (v/v) 
methanol in 25 mM phosphate buffer (pH 7); long-end capillary, Ld = 56 cm,            
Lt = 64.5 cm; short-end capillary, Ld = 24.5 cm, Lt = 33 cm; separation voltage,        
20 kV; other conditions as in Figure 3.7. 
long-end capillary
short-end capillary
Time [min] 
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3.3.2.8 Effect of Organic Modifier Type and Percentage  
 
  The addition of organic modifier is useful in reducing the electroosmotic flow 
and resulting changes in the partitioning of the analyte between the micelle and the 
buffer (Molina and Silva, 2000).  It has been considered that the organic modifier can 
have two roles: (1) improving the solubility of chiral substances.  This effect 
diminishes the interaction of substances with the capillary wall and leads to 
decreased peak broadening; (2) decreasing the affinity of chiral substances for the 
hydrophobic cavity of chiral selectors. This effect decreases the interactions of chiral 
substances with the chiral selectors and leads to the improvement of the peak shape. 
Wang et al. (2006) reported the baseline separations of 10 saponins were achieved by 
MEKC with mixed acetonitrile-isopropanol as organic modifier.  Zhu et al. (2002) 
also reported that addition of an organic modifier i.e. methanol, urea or 2-propanol to 
the separation solution can improve the enantiomeric separation of pemoline by CD-
MEKC.   
 
In this study, the effect of different organic modifier types (methanol, 
acetonitrile, and mixed methanol-acetonitrile) with different concentrations on the 
best enantiomeric separation of propiconazole by CD-MEKC was explored to obtain 
the resolutions and peak efficiencies with shortest analysis time.  The typical 
enantiomeric separation of propiconazole by CD-MEKC with different methanol, 
acetonitrile, and mixed methanol-acetonitrile percentages are shown in Figure 3.15, 
Figure 3.16 and Figure 3.17, respectively.   
 
Separation was successfully achieved for all propiconazole enantiomers with 
methanol and/or acetonitrile percentage ranging from 5% to 20% (v/v) and with 
mixed methanol-acetonitrile from 5%:5% to 10%:10% (v/v).  The result indicated 
that migration times of propiconazole enantiomers increased with the increasing of 
organic modifier percentages.  The addition of organic modifier in the buffer solution 
increases the viscosity, which has a retarding effect on the EOF.  This observation is 
similar with those obtained by other authors (Edwards and Shamsi, 2002;           
Wang et al., 2006).   
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Variation of resolutions and peak efficiencies of propiconazole enantiomers is 
presented in Table 3.10.  A 20% (v/v) methanol gave the highest resolution between 
all enantiomers (Rs > 1.90), with peak efficiencies greater than 310 000, but analysis 
time of more than 25 min.  This observation has also been reported by other authors 
on the enantiomeric separation of triadimenol (Otsuka et al., 2003) by CD-MEKC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15  Enantiomeric separation of propiconazole by CD-MEKC with different 
methanol percentages. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and    
5%-20% (v/v) methanol in 25 mM phosphate buffer (pH 7.0); other conditions as in 
Figure 3.7. 
5% 
10% 
15% 
20% 
Time [min] 
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Figure 3.16  Enantiomeric separation of propiconazole by CD-MEKC with different 
acetonitrile percentages. Separation solution: 30 mM HP-γ-CD, 50 mM SDS, and   
5%-20% (v/v) acetonitrile in 25 mM phosphate buffer (pH 7.0); other conditions as 
in Figure 3.7. 
 
In addition, very good resolutions of all propiconazole enantiomers were also 
obtained at 10%:5% (v/v) mixed methanol-acetonitrile (Rs > 1.60) with peak 
efficiencies greater than 400 000, and analysis time of less than 16 min.  Based on 
this data, optimal percentage chosen for organic modifier was mixed methanol-
5% 
10% 
15% 
20% 
Time [min] 
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acetonitrile (10%:5%, v/v).  This organic modifier type and percentage was 
employed in the further study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17  Enantiomeric separation of propiconazole by CD-MEKC with different 
mixed methanol-acetonitrile (M:A) percentages. Separation solution: 30 mM         
HP-γ-CD, 50 mM SDS, and 5%:5% - 10%:10% (v/v) mixed methanol-acetonitrile in 
25 mM phosphate buffer (pH 7.0); other conditions as in Figure 3.7. 
5%M:5%A 
5%M:10%A
10%M:5%A
10%M:10%A
Time [min] 
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 3.3.2.9 Analytical Performance of the Optimized CD-MEKC Method  
 
The performance of the optimized CD-MEKC system was examined in terms 
of the linearity, repeatability, and limit of detection (LOD).  The linearity was 
measured by constructing the calibration curve of average peak height (n = 3) against 
the concentration of standards ranged from 50 to 200 mg/L.  Calibration lines are 
linear with the correlation coefficient higher than 0.999 for all enantiomers.  The 
repeatability in the optimized CD-MEKC system concerning the relative standard 
deviation for migration time, peak area, and peak height for each enantiomer of 
propiconazole was briefly examined (n = 3).  The results are summarized in       
Table 3.11.  Good repeatabilities in the migration time, peak area and peak height 
were obtained ranging from 0.20% to 0.26%, 1.98% to 5.77% and 1.16% to 1.92%, 
respectively. 
 
The LOD was determined by the calibration curve along with the signal-to-
noise ratio (S/N) as 3.  Slightly poor detectability was observed (of about 10 mg/L). 
It was known that CE technique suffers from poor concentration sensitivity when 
using UV detection because of the small injection volumes and narrow optical path 
length.  Therefore, for further study (in Chapter 4), on-line sample pre-concentration 
technique will be developed for enhancing the concentration and detection sensitivity 
by the use of sweeping and stacking technique. 
 
Table 3.11 Linearity, repeatability, and LOD for propiconazole enantiomers in 
optimized CD-MEKC method 
 Peaka Calibration curve b   RSD (%)  LOD
 Equation r2  tR Peak area Peak height mg/L 
1 y = 0.1057x - 3.5219 0.9991 0.20 4.81 1.16 10 
2 Y = 0.1107x - 3.8525 0.9998 0.21 3.02 1.83  
3 y = 0.1141x - 4.1204 0.9999 0.25 1.98 1.92  
4 y = 0.1145x - 4.1323 1.0 0.26 5.77 1.55  
Conditions as in Figure 3.17 using mixed methanol-acetonitrile 10%:5% (v/v).   
a1, 2, 3, and 4 are first, second, third, and forth-migrating peaks of propiconazole, 
respectively.  
bLinear range: 50 – 200 mg/L; y = peak height; x = concentration (mg/L) 
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3.4 Concluding Remarks 
 
A CD-MEKC method for the separation of two enantiomeric pairs of 
propiconazole was developed in this study.  The use of a mixture of 30 mM           
HP-γ-CD, 50 mM SDS and methanol-acetonitrile 10%:5% (v/v) in 25 mM phosphate 
buffer solution (pH 7.0) was able to separate two enantiomeric pairs of propiconazole 
with resolution (Rs) greater than 1.50, peak efficiencies (N) greater than 400 000 and 
analysis time of less than 16 min.  These results show that MEKC method provides 
high separation efficiencies for the separation of the propiconazole enantiomers.  
 
Good repeatabilities in the migration time, peak area and peak height were 
obtained ranging from 0.20% to 0.26%, 1.98% to 5.77% and 1.16% to 1.92%, 
respectively.  Calibration lines are linear with the correlation coefficient higher than 
0.999 for all enantiomers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 4 
 
 
 
ON-LINE PRECONCENTRATION AND CHIRAL SEPARATION OF 
TRIAZOLE FUNGICIDES BY CYCLODEXTRIN-MODIFIED  
MICELAR ELECTROKINETIC CHROMATOGRAPHY 
 
 
 
4.1 Introduction 
 
The enantiomeric separations of triazole fungicides have been performed 
using CE procedures.  Biosca et al. (2000) reported fast enantiomeric separation of 
uniconazole and diniconazole by electrokinetic chromatography using cyclodextrin 
as pseudostationary phase (CD-EKC).  The use of a 50 mM phosphate buffer        
(pH 6.5) containing 5 mM CM-γ-CD and a temperature of 50ºC enabled the baseline 
enantioresolution of mixtures of uniconazole and diniconazole in less than 5 min. 
 
Wu and co-workers reported simultaneous chiral separation of triadimefon 
and triadimenol (2000) and chiral separation of fourteen triazole fungicides, 
including propiconazole and tebuconazole but without fenbuconazole (2001) by 
cyclodextrin-modified electrokinetic chromatography (CD-EKC) under acidic 
conditions, where commercially available sulfated-β-cyclodextrin was employed as a 
chiral pseudostationary phase.  In their work, enantioseparations of most enantiomers 
were successfully achieved.  However, the sample concentrations were around        
50 mg/L and the limits of detection (LOD) were not discussed.  
 
In this previous study (Chapter 3), several parameters were optimized for the 
separation of propiconazole enantiomers.  The use of a mixture of 30 mM HP-γ-CD, 
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50 mM SDS, and methanol-acetonitrile 10%:5% (v/v) in 25 mM phosphate (pH 7.0) 
buffer solution was able to separate two enantiomeric pairs of propiconazole.  Under 
these conditions, all Rs values were greater than 1.50 with peak efficiencies greater 
than 400 000 and analysis times of less than 16 min.  This is the first ever-reported 
separation of two pairs of propiconazole enantiomers by CD-MEKC.  However, 
slightly poor detectability was observed (LOD = 10 mg/L).  It was known that CE 
technique suffers from poor concentration sensitivity when using UV detection 
because of the small injection volumes and narrow optical path length.   
 
Otsuka et al. (2003) reported on-line preconcentration and enantioselective 
separation of triadimenol by CD-EKC and CD-MEKC.  In their work, 
hydroxypropyl-γ-cyclodextrin (a neutral CD derivative) was employed as an additive 
in cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC) and 
heptakis-6-sulfato-β-cyclodextrin (an ionic CD derivative) was employed as a chiral 
pseudostationary phase in CD-EKC.  In each system, four stereoisomeric peaks were 
partially separated from each other.  Sweeping was used in the CD-MEKC system 
under an acidic condition, whereas stacking with a reverse migrating 
pseudostationary phase (SRMP) in the CD-EKC system.  Around 10-fold increase in 
the detection sensitivity for each peak was attained with both sweeping and SRMP 
systems.  These results clearly show the possibility of improving the detectability of 
triazole fungicide compound by using stacking-CD-EKC and sweeping-CD-MEKC.  
 
For this reason, the capabilities of normal stacking mode (NSM) and sweeping 
prior to cyclodextrin-modified micellar electrokinetic chromatography (CD-MEKC) 
were investigated in this study, in order to enhance detection sensitivity of 
propiconazole enantiomers.  The principle of sample stacking and sweeping in 
MEKC were discussed in the Section 2.4.1 and 2.4.2, respectively.  Generally, acidic 
conditions are more preferable than neutral ones in terms of achievable concentration 
efficiency when sweeping and/or stacking methods are employed in MEKC (Quirino 
and Terabe, 1999).  Therefore, sweeping-CD-MEKC under acidic condition was then 
investigated in order to achieve significantly lower limit of detection.   
 
The optimized sweeping-CD-MEKC at pH 3.0 was then successfully applied to 
the simultaneous chiral separation of three triazole fungicides i.e. fenbuconazole, 
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tebuconazole and propiconazole (Figure 4.1) in only one injection.  The three triazole 
compounds are commonly used as systemic agricultural fungicides. No MEKC study 
being reported by other authors on the on-line preconcentration and chiral separation 
of the three triazole fungicides by CD-MEKC method. The sweeping-CD-MEKC 
(pH 3.0) procedure combined with SPE pretreatment was also then applied to the 
determination of the three triazole fungicides in grapes samples spiked lower than the 
maximum residue limits (MRL) set by Codex Alimentarius Commission.   
 
Figure 4.1  Structures of three triazole fungicides used in this work (*: chiral center) 
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4.2 Experimental 
 
4.2.1 Chemicals and Reagents 
 
Propiconazole, tebuconazole and fenbuconazole were obtained from Dr. 
Ehrenstorfer GmbH (Augsburg, Germany), 2-hydroxypropyl-γ-cyclodextrin (HP-γ-
CD) was obtained from Sigma (St. Louis, MO, USA), sodium dodecyl sulfate (SDS) 
was obtained from Fisher Scientific (Loughborough, UK), and disodium hydrogen 
phosphate 12-hydrate was obtained from Riedel-de Haen (Seelze, Germany).  All 
other chemicals and solvents were common brands of analytical-reagent grade or 
better, and were used as received. Water (DD, 18 MΩ.cm) was collected from a 
Millipore Water Purification System (Molsheim, France).  Fresh red grapes were 
obtained from a local market in Skudai, Johor, Malaysia. 
  
The stock solutions of the individual triazole fungicides were prepared in 
methanol in the concentration range of 2000 and 4000 mg/L.  Final dilutions 
(concentrations in the figures) were prepared by diluting the stock solution with 
various sample solvents mentioned at the respective places.  Sample solutions were 
prepared by diluting the stock solution with pure water for normal stacking mode-
CD-MEKC and with a buffer/separation solution without micellar phase for 
sweeping-CD-MEKC.  The separation solutions for CD-MEKC were prepared by 
dissolving appropriate amounts of SDS, HP-γ-CD, methanol and acetonitrile in 
phosphate buffers and adjusting the pH of the buffer with phosphoric acid solution.  
All running buffers were filtered through a 0.45 µm nylon syringe filter from 
Whatman (Clifton, NJ, USA). 
 
 
 
4.2.2 Instrumentation 
 
All electropherograms were obtained with the Agilent capillary 
electrophoresis system from Agilent Technologies (Waldbronn, Germany), equipped 
with temperature control and diode array detection (DAD).  Separations were 
performed using an untreated fused silica capillary of 64.5 cm × 50 µm i.d. (with an 
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effective length of 56 cm to the detector window) obtained from Polymicro 
Technologies (Phoenix, AZ, USA). Sample injection was performed 
hydrodynamically at 50 mbar and injection times were optimized.  The detection 
wavelength used was 200 nm and the capillary temperature was maintained at 20°C.  
The separation voltage was maintained at +30 kV for MEKC separation under 
neutral pH, while -25 kV for MEKC separation under acidic pH (average current 40 
µA).  Data were collected and processed on computer using ChemStation software 
(Agilent Technologies).  The new capillary was conditioned by passing 1 M NaOH 
solution for 10 min followed by washing with deionized water for 10 min and finally 
equilibrating with an appropriate running buffer for 10 min.  Between runs, the 
capillary was washed with 0.1 M NaOH, water, and run buffer for 2 min each.  All 
sample injections were performed in triplicate. 
 
 
 
4.2.3 Extraction Procedure 
 
A representative portion of sample (150 g of grapes) was chopped and 
homogenized. The 5 g portions of sample was spiked with 250 ng each of 
fenbuconazole, tebuconazole and propiconazole, then placed into an Erlenmeyer 
flask and homogenized with 5 mL of methanol and 5 mL of water by sonication for 
15 min.  The resulting suspension was filtered through a Buchner funnel and the cake 
filter was washed twice with 10 mL of deionized water.  The filtrate was adjusted to 
a volume of 100 mL with deionized water and passed under vacuum through a C18 
solid-phase column (SupelcleanTM LC-18 SPE Tubes 6 mL (0.5 g) from Supelco 
(Bellefonte, PA, USA); with average particle size, 59 µm; pore diameter, 69 Å; and 
surface area, 519 m2/g), which was preconditioned with 10 mL of methanol and 10 
mL of deionized water.  Analytes were eluted with 2 × 5 mL of dichloromethane. 
The eluate was concentrated under a stream of nitrogen to dryness. Then it was 
reconstituted with 0.5 mL of buffer solution (without micellar phase). 
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4.2.4 Validation Procedure 
 
The performance of the method was examined in terms of the linearity, 
repeatability, limit of detection (LOD) and sensitivity enhancement factor (SEF) or 
increase in detection sensitivity.  Linearity of the optimized method was assessed by 
constructing the calibration curve of average peak areas (n = 3) against the 
concentration of standards (at the linear range). For on-line-CD-MEKC method, the 
peak area was used for constructing the calibration curve due to lower the relative 
standard deviation (RSD) of peak area compared to peak height (in all cases, RSD for 
peak area is ≤ 6.00%; and RSD for peak height is ≤ 9.26%).  The repeatabilities in 
the migration time, peak area and peak height were recognized in terms of the 
relative standard deviation (RSD%, n = 3).  The LOD was determined by the 
calibration curve along with the signal-to-noise ratio (S/N) as 3.  The SEFarea was 
calculated by comparing (peak area obtained with sweeping / peak area with usual 
CD-MEKC injection) × dilution factor.  The SEFLOD was calculated by comparing 
(LODCD-MEKC / LODon-line-CD-MEKC). 
 
 
 
4.3 Results and Discussion 
  
4.3.1 On-line Preconcentration and Chiral Separation of Propiconazole 
Enantiomers by CD-MEKC Under Neutral pH  
 
In this present study, as a preliminary introduction of the on-line 
concentration techniques, normal stacking mode (NSM) and sweeping techniques 
were applied to the CD-MEKC system to enhance detection sensitivity of 
propiconazole enantiomers.  The optimized CD-MEKC conditions (in Chapter 3) 
were used in this study.  NSM was chosen as it is the simplest stacking method and 
requires little sample preparation.  The mechanism of sample stacking is based on the 
difference in electrophoretic velocities between the high electric field sample zone 
(low conductivity zone) and the low electric field running solution (high-conductivity 
zone).  Sample ions-migrate faster in the sample zone than in the running solution 
zone and slow down when they reach the running solution zone.  The analyte is 
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focused at the boundary of the two zones.  In this study, to apply the NSM method to 
the CD-MEKC system, the conductivity of the sample solution was made lower 
(25.70 µS/cm) than that of the micellar solution (3.47 mS/cm).  The sample stock 
solution was then diluted with pure water.  
 
Sweeping method was also applied to enhance the concentration detection 
sensitivity.  The mechanism of sweeping is based on the picking and accumulating of 
analytes by the micelle entering the sample solution. In this study, to apply the 
sweeping method to the CD-MEKC system, the conductivity of the sample solution 
(buffer solution without micellar phase) was adjusted to be the same as that of the 
micellar/separation solution (3.47 mS/cm).    
 
 
 
4.3.1.1 Separation of Propiconazole Enantiomer by NSM-CD-MEKC at pH 7.0 
 
The effect of sample injection times on the chiral separation of propiconazole 
enantiomers by NSM-CD-MEKC was first investigated ranging from 5 to 20 s in 5 s 
increment.  Typical electropherograms of propiconazole enantiomers by the NSM-
CD-MEKC method with different sample injection times are shown in Figure 4.2.   
The effects of the injection time on peak area, peak height and resolutions are given 
in Figure 4.3.  The peak area increased in proportion to the sample injection time 
because of increase in the sample amount (Figure 4.3A).  The peak height, as shown 
in Figure 4.3B, also increased with an increase in the injection time.  However, 
increasing sample injection time up to 20 s resulted in decreasing peak resolutions up 
to 0.9 (Figure 4.3C).  For this reason, the 15 s sample injection time was selected for 
the best sample injection time since it yielded high peak area and peak height with Rs 
values greater than 1.20.  This sample injection time was employed in all subsequent 
investigations by NSM-CD-MEKC. 
 
The performance of the optimized NSM-CD-MEKC system was examined in 
terms of the linearity, repeatability, LOD, and increase in detection sensitivity or 
sensitivity enhancement factor (SEF).  The results are summarized in Table 4.1.  The 
linearity of the plots was assessed in terms of the correlation coefficients (r2).  All 
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calibration curves were linear over the concentration range of 2.5 – 20.0 mg/L of the 
propiconazole standard with r2 greater than 0.9960.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2  Chiral separation of propiconazole enantiomers by NSM-CD-MEKC at 
pH 7.0 with different sample injection times. Sample, 10 mg/L propiconazole (in 
water), injected hydrodynamically (HDI) at 50 mbar; separation solution:  30 mM 
HP-γ-CD, 50 mM SDS, and 10%:5% (v/v) mixed methanol-acetonitrile in 25 mM 
phosphate buffer (pH 7); capillary, 64.5 cm × 50 µm i.d. (effective length, 56 cm); 
applied voltage, +30 kV; detection wavelength, 200 nm, temperature, 20ºC. 
5 s 
10 s 
15 s 
20 s 
EOF
EOF
EOF
EOF
Time [min] 
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Figure 4.3 Effect of sample injection times on (A) peak area, (B) peak height and (C) 
resolution of propiconazole enantiomers by NSM-CD-MEKC at pH 7.0. Notation: 
A1-A4 are peak area of peaks 1-4; H1-H4 are peak height of peaks 1-4; Rs 1-2, 2-3 
and 3-4 are enantiomeric resolutions between peaks 1-2, 2-3 and 3-4, respectively. 
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The repeatability in the migration time, peak height and peak area for each 
enantiomeric peak were briefly examined (n = 3) for the injection of the 20 mg/L of 
propiconazole standard.  As can be seen in Table 4.1, acceptable repeatability was 
achieved, as RSD values obtained for migration time, peak area and peak height were 
less than 3.50% for all enantiomeric peaks.  In addition, the sensitivity enhancement 
factors for each peak was about 5-fold increased in the NSM-CD-MEKC method 
(LOD = 2.0 mg/L, S/N = 3) compared to the conventional CD-MEKC method at pH 
7.0 (LOD = 10 mg/L, in Chapter 3).  Although this LOD value is modest for the 
analysis of real samples, the result clearly shows the possibility of improving the 
detectability by using NSM-CD-MEKC method. 
 
Table 4.1  Linearity, repeatability, LOD (S/N = 3) and sensitivity enhancement 
factor (SEF) for propiconazole enantiomers in the optimized NSM-CD-MEKC 
method. 
  
Peaka Calibration curveb   
RSD 
(%)  
LOD  
(mg/L) SEF
c
 Equation r2  tR area height   
1 y = 2.2194x - 0.207 0.9973 0.20 2.01 2.70 2.0 5.0 
2 y = 2.2698x + 0.113 0.9968 0.21 2.21 3.25   
3 y = 1.9993x + 0.1043 0.9961 0.20 1.58 3.42   
4 y = 2.0835x - 0.2483 0.9971 0.20 1.92 2.05   
Conditions as in Figure 4.2 using 15 s.   
a1, 2, 3, and 4 are first, second, third, and fourth-migrating peaks of propiconazole, 
respectively.  
bLinear range: 2.5 – 20.0 mg/L; y = peak area; x = concentration (mg/L) 
cSEFLOD: (LODCD-MEKC/LODNSM-CD-MEKC). 
 
 
  
4.3.1.2 Separation of Propiconazole Enantiomer by Sweeping-CD-MEKC at    
pH 7.0 
 
The effect of sample injection time on the chiral separation of propiconazole 
enantiomers by sweeping-CD-MEKC at pH 7.0 was also investigated ranging from 
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30 to 120 s. Typical electropherograms of propiconazole enantiomers by the 
sweeping-CD-MEKC at pH 7.0 with different sample injection times are shown in 
Figure 4.4. The effects of the injection time on peak area, peak height and resolutions 
are given in Figure 4.5.   
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4  Chiral separation of propiconazole enantiomers by sweeping-CD-MEKC 
at pH 7.0 with different sample injection times. Sample, 20 mg/L propiconazole (in 
buffer/separation solution without micellar phase), injected hydrodynamically (HDI) 
at 50 mbar. Other conditions are as in Figure 4.2. 
30 s 
60 s 
90 s 
120 s 
Time [min] 
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Figure 4.5  Effect of sample injection times on (A) peak area, (B) peak height and 
(C) resolution of propiconazole enantiomers by sweeping-CD-MEKC at pH 7.0. 
Notations are as in Figure 4.3.  
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The peak area and peak height increased in proportion to the sample injection 
time because of increasing the sample amount (Figure 4.5A and Figure 4.5B, 
respectively).  However, increasing sample injection time up to 120 s resulted in 
decreasing peak resolutions up to 0.8 (Figure 4.5C). Therefore, 90 s sample injection 
time was selected as the optimal sample injection time since it yielded high peak area 
and peak height with minimal Rs of 1.30.  This sample injection time was employed 
in all subsequent investigations by sweeping-CD-MEKC at pH 7.0. 
 
The performance of the optimized sweeping-CD-MEKC at pH 7.0 was also 
examined in terms of the linearity, repeatability, LOD, and sensitivity enhancement 
factor (SEF).  The results are summarized in Table 4.2.  The linearity of the plots was 
assessed in terms of the correlation coefficients (r2).  As can be seen in Table 4.2, all 
calibration curves were linear over the concentration range of 1.0 – 20.0 mg/L of the 
propiconazole standard with r2 greater than 0.9988.   
 
The repeatability in the migration time, peak height and peak area for each 
enantiomeric peak were briefly examined (n = 3) for the injection of the 10 mg/L of 
propiconazole standard.  As can be seen in Table 4.2, acceptable repeatability was 
achieved, as RSD values obtained for migration time, peak area and peak height were 
less than 6.1% for all enantiomeric peaks.   
 
In addition, the sensitivity enhancement factors in terms of limit of detection 
(SEFLOD) for each peak was about 25-fold increased in the sweeping-CD-MEKC 
method at pH 7.0 (LOD = 0.40 mg/L, S/N = 3) compared to the conventional CD-
MEKC method at pH 7.0 (LOD = 10 mg/L, in Chapter 3).  Although this LOD value 
is also not satisfactory for the analysis of real samples, the result clearly shows the 
possibility of improving the detectability by using sweeping in CD-MEKC method.  
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Table 4.2  Linearity, repeatability, LOD (S/N = 3) and sensitivity enhancement 
factor (SEF) for propiconazole enantiomers in the optimized sweeping-CD-MEKC at 
pH 7.0. 
  
Peaka Curve calibrationb   
RSD 
(%)  
LOD  
(mg/L) SEF
c 
 Equation r2  tR area height   
1 y = 2.1422x + 0.8242 0.9999 1.91 3.60 5.50 0.4 25 
2 y = 2.1342x + 1.1271 0.9999 1.97 4.73 1.90   
3 y = 1.9235x + 0.6540 0.9989 2.08 5.43 2.32   
4 y = 1.7610x + 1.3497 0.9999 2.12 6.00 4.12   
Conditions as in Figure 4.4 using 90 s.   
a1, 2, 3, and 4 are first, second, third, and fourth-migrating peaks of propiconazole, 
respectively.  
bLinear range: 1.0 – 20.0 mg/L; y = peak area; x = concentration (mg/L) 
cSEFLOD: (LODCD-MEKC/LODsweeping-CD-MEKC). 
 
 
 
4.3.2 Chiral Separation of Triazole Fungicides by Sweeping-CD-MEKC at    
pH 3.0 
 
In order to achieve significantly lower LODs, sweeping-CD-MEKC 
separation under acidic buffer was then explored.  Acidic buffer pH selected was pH 
3.0 based on result in Chapter 3 (Table 3.6).  The effect of sample injection time on 
the chiral separation of propiconazole enantiomers by sweeping-CD-MEKC pH 3.0 
was first investigated ranging from 90 to 150 s.  Typical electropherograms of 
propiconazole enantiomers by the sweeping-CD-MEKC at pH 3.0 with different 
sample injection times are shown in Figure 4.6.  The effects of the injection time on 
peak area, peak height and resolutions are given in Figure 4.7.   
 
Increasing the sample injection times resulted in an increase in the peak area 
(Figure 4.7A). The peak height, as shown in Figure 4.7B, also increased with an 
increase in the injection time from 90 to 120 s.  However, increasing sample injection 
time up to 150 s resulted in decreasing peak height.  For this reason, 120 s was 
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selected as the best sample injection time for sweeping-CD-MEKC pH 3.0 with 
resolutions greater than 1.50 (Figure 4.7C).  This sample injection time was 
employed in all subsequent investigations for sweeping-CD-MEKC at pH 3.0. 
 
In this study, the optimized sweeping-CD-MEKC at pH 3.0 was successfully 
applied to the simultaneous separation of three chiral triazole fungicides 
(fenbuconazole, tebuconazole, and propiconazole) in only one injection. Typical 
electropherogram of selected chiral triazole fungicides employing the CD-MEKC 
and sweeping-CD-MEKC at pH 3.0 are shown in Figure 4.8A and Figure 4.8B, 
respectively.  
 
Linearity, repeatability, LODs and sensitivity enhancement factor (SEF) for 
all selected chiral triazole fungicides are presented in Table 4.3. The increase in 
detection sensitivity for each propiconazole enantiomer is about 100-fold in 
sweeping-CD-MEKC at pH 3.0 (LOD = 0.1 ppm) compared to the conventional CD-
MEKC.  Limit of detections (S/N = 3) for selected triazole fungicides ranged from 
0.09 to 0.1 mg/L, well below the limit set by Codex Alimentarius Commission 
(http://www.codexalimentarius.net/mrls/pestdes/jsp, accessed on June 2007).  
 
The results indicate that sweeping-CD-MEKC method under acidic 
conditions is better than under neutral conditions in term of achievable detection 
limit. The sweeping-CD-MEKC method under acidic conditions provides lower limit 
of detection for the fungicides compared to a previously reported study of 
enantiomeric separation of chiral triazole pesticides by high-performance liquid 
chromatography (Wang et al, 2005).  
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Figure 4.6  Chiral separation of propiconazole enantiomers by sweeping-CD-MEKC 
pH 3.0 with different sample injection times. Sample, 1 mg/L propiconazole (in buffer 
solution without micellar phase); injected hydrodynamically (HDI) at 50 mbar; 
applied voltage, -25 kV; 25 mM phosphate buffer (pH 3.0); other conditions are as in 
Figure 4.2. 
90 s 
120 s 
150 s 
Time [min] 
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Figure 4.7  Effect of sample injection times on (A) peak area, (B) peak height and 
(C) resolution of propiconazole enantiomers by sweeping-CD-MEKC at pH 3.0. 
Notations are as in Figure 4.3.  
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Figure 4.8  Electropherograms of the selected chiral triazole fungicides by  (A) CD-
MEKC and (B) sweeping-CD-MEKC at pH 3.0. (A) 50 mg/L fenbuconazole (F), 
tebuconazole (T), and propiconazole (P); sample in buffer/separation solution, 
injected for 1 s, at   50 mbar; and (B) 1 mg/L fenbuconazole (F), tebuconazole (T), 
and propiconazole (P); sample in buffer solution without micellar phase, injected for 
120 s, at 50 mbar; separation voltage, -25 kV; 25 mM phosphate buffer (pH 3.0). 
Other conditions are as in Figure 4.2. 
Time [min] 
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Table 4.3 Linearity, repeatability, LODs (S/N = 3) and sensitivity enhancement 
factor (SEF) of the optimized sweeping-CD-MEKC at pH 3.0. 
  
Namea Curve calibrationb   
RSD 
(%)  
LOD  
(mg/L) SEF
c 
 Equation r2  tR area height   
F1 y = 26.718x - 2.9483 1.0 0.24 0.63 0.49 0.09 30 
F2 y = 26.120x – 2.1827 0.9999 0.25 1.83 1.43   
T1 y = 32.445x – 3.7379 0.9998 1.25 1.39 5.32 0.1 70 
T2 y = 23.667x + 2.7312 0.9979 3.60 0.68 9.01   
P1 y = 19.346x – 1.9806 0.9999 0.88 0.14 2.50 0.1 100 
P2 y = 20.363x - 2.5999 0.9999 0.69 1.66 9.26   
P3 y = 23.965x - 3.4852 0.9999 0.78 1.84 9.03   
P4 y = 24.698x - 4.0619 1.0 0.84 1.10 0.99   
Conditions as in Figure 4.8B. 
a1, 2, 3 and 4 are first, second, third and fourth migrating enantiomers of triazole 
fungicides, respectively; F: fenbuconazole; T: Tebuconazole; and P: Propiconazole. 
bLinear range: 0.5-5.0 mg/L; y = peak area; x = concentration (mg/L). 
cSEFarea = (peak area obtained with sweeping/peak area with usual CD-MEKC) ×                   
                 (dilution factor). 
 
 
 
4.3.3    Application of the Optimized Method 
  
The validity of the sweeping-CD-MEKC at pH 3.0 method was studied by 
using grapes sample spiked (0.05 mg/kg) with the selected triazole fungicides after 
confirming that none of these fungicides were found in the grapes sample.  Figure 4.9 
shows electropherogram of unspiked grapes sample (Figure 4.9A) and the triazole 
fungicides spiked in grapes sample (Figure 4.9B), after preconcentration by SPE-
sweeping-CD-MEKC. Although several unknown peaks from the matrix appeared in 
the electropherogram, no peak from the matrix interferes with the triazole fungicides 
studied.   
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Table 4.4 shows the recoveries and repeatabilities (n = 3) of three triazole 
fungicides spiked in grapes sample (amount of sample processed 5 g).  The average 
recoveries were generally good between 73 and 109% with RSDs ranging from 9 to 
12% (n = 3).  The relatively low recovery of propiconazole and tebuconazole 
(compared to fenbuconazole) could be due to the higher water solubility of these two 
fungicides in water.  The water solubility of propiconazole and tebuconazole are   
110 mg/L and 36 mg/L, respectively, while the water solubility of fenbuconazole is 
only 0.2 mg/L  (http://syress.com/esc/kowwin.htm, accessed on June 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 Electropherograms of (A) unspiked grapes sample and (B) the triazole 
fungicides spiked in grapes sample, after preconcentration by SPE-sweeping-CD-
MEKC. Conditions and peak assignments are as in Figure 4.8B, and unknown peaks 
from the sample matrix. 
Time (min) 
F
T
P
(A) 
(B) 
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Table 4.4  Percent recovery and repeatability of three triazole fungicides spiked in 
grapes sample by SPE-sweeping-CD-MEKC at pH 3.0 and MRL established by the 
Codex Alimentarius Commission 
 
Fungicide 
Fortified 
control 
(mg/kg) 
Average 
recovery (%) 
RSD  
(%, n = 3) 
MRLa  
(mg/kg) 
Fenbuconazole 0.05 109 11 1.0 
Tebuconazole 0.05 73 9 2.0 
Propiconazole 0.05 74 12 0.5 
a  (http://www.codexalimentarius.net/mrls/pestdes, accessed on June 2007). 
 
 
 
4.4 Concluding Remarks  
 
A method for the on-line preconcentration and chiral separation of selected 
triazole fungicides using CD-MEKC was developed.  Stacking-CD-MEKC at neutral 
pH enhanced the detection sensitivity of propiconazole 5-fold and sweeping-CD-
MEKC at neutral pH enhanced it 25-fold.  Finally, sweeping-CD-MEKC at acidic 
condition (pH 3.0) enhanced it 100-fold.  The sweeping-CD-MEKC method under 
acidic condition is better than under neutral condition in terms of achievable 
detection limit. 
 
The optimized sweeping-CD-MEKC at pH 3.0 was successfully applied to 
the simultaneous separation of three chiral triazole fungicides (fenbuconazole, 
tebuconazole, and propiconazole) in only one injection.  The sweeping-CD-MEKC 
method under acidic condition at pH 3.0 gave the best detection sensitivity with a 
limit of detections (S/N = 3) for three selected triazole fungicides ranged from 0.09 to 
0.1 mg/L, well below the limit set by Codex Alimentarius Commission.  The 
sensitivity enhancement of the three triazole fungicides ranged from 30 to 100-fold. 
The average recoveries of the three selected triazole fungicides in spiked grapes 
sample by combination of SPE pretreatment and sweeping-CD-MEKC at pH 3.0 
were good for all the compounds, ranging from 73% to 109% with RSDs between 
9% and 12% (n = 3).  This is the first report on the on-line preconcentration and 
chiral separation of the three triazole fungicides by CD-MEKC method.  
 
 
 
 
 
 
CHAPTER 5 
 
 
 
FUNGICIDES SEPARATION WITH AMMONIUM FORMATE BUFFER 
USING MICELLAR ELECTROKINETIC CHROMATOGRAPHY 
 
 
 
5.1 Introduction 
 
Pesticides are widely used in agricultural sector to prevent the loss of crops 
productions. Large amount of pesticides and its degradation products that are used in 
the agricultural production are potential hazard to aquatic life and human health. The 
short and long-term effect from the pesticide residue has caused a rise in public 
concern. Many social sectors are interested in controlling the pesticides contain in 
foods and drinking water and many analysis methods have been developed and 
implemented for many years. 
  
Gas chromatography (GC) is the most common technique for the 
determination of environmental pesticides samples (Vassilakis et al., 1998; Columé 
et al., 2000). The low detection limits, high selectivity and affordability of GC 
instrumentation are rather appealing to most laboratories involved in pesticides 
residue analysis (Cairns and Sherma, 1992). Liquid chromatography (LC) and high 
performance liquid chromatography (HPLC) have also been used for environmental 
pesticide analysis (Arenas et al., 1996;  Blasco et al., 2002; Tellier et al., 2002;  
Millián et al., 2003). 
  
Capillary electrophoresis (CE) offers several advantages compared to HPLC 
including high efficient and fast separations, relatively inexpensive and long lasting 
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capillary columns, small sample size requirements and low reagent consumption. It 
can also be used for the analysis of polar ionic, nonpolar ionic and nonpolar non-
ionic compounds, as well as high molecular weight biomolecules and chiral 
compounds (Baker, 1995). Micellar electrokinetic capillary chromatography 
(MEKC) one of the CE modes has the advantage compare to other mode. Any neutral 
analytes that cannot be separated using other mode can be successfully separated 
with this technique (Quirino et al., 2000; Turiel et al., 2000; Rodríguez et al., 2001).   
  
In this study, MEKC with on-column UV detection was used for separation of 
the four fungicides (carbendazim, thiabendazole, propiconazole and vinclozolin). 
Structures of the fungicides studied are shown in Figure 5.1. A sodium cholate 
surfactant was added to the buffer and the formed micelles act as a pseudostationary 
phase in the chromatographic process. The separation is based on the different 
distribution of the analytes between the buffer and the micelles. The effect of buffer 
concentration, sodium cholate concentration, applied voltage, organic solvent and 
organic modifier on the separation of fungicides are developed.  
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Figure 5.1. Structures of fungicides used in this work 
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5.2  Experimental 
 
5.2.1   Chemicals and Reagents 
 
Carbendazim, vinclozolin and propiconazole were purchased from Dr. 
Ehrenstorfer GmbH laboratory (Ausburg, Germany). Thiabendazole was from Sigma 
Chemical Co. (Canada). HPLC grade methanol was from Caledon Laboratories Ltd 
(Ontario, Canada) and acetonitrile from Merck (Darmstadt, Germany). Standard 
solutions at 10 000 µg/mL of each fungicides were prepared in methanol and was 
stored at 4 °C. All standard solutions were diluted with methanol to appropriate 
concentrations before use. Ammonium formate was purchased from BDH Chemicals 
Ltd (Poole, England) and sodium cholate from Anatrace (USA). β-cyclodextrin and 
γ-cyclodextrin were obtained from Fluka Chemica (Switzerland). Aqueous solutions 
were made with deionized water (18 MΩ) prepared with NANOpure Barnsted water 
system. All solutions were filtered through a 0.45 µm membrane filter before used.  
 
 
 
5.2.2 Running Buffer Preparation 
 
Sodium cholate was added to formate buffer and the final volume was 
adjusted with deionized water. When organic solvents or modifiers are necessaries, 
methanol, acetonitrile, β-cyclodextrin and γ-cyclodextrin were added to the mixture 
of sodium cholate and ammonium buffer and deionized water was used to adjust the 
final volume. The pH of formate buffer was adjusted using 0.1 M hydrochloric acid 
(HCl) or 0.1 M sodium hydroxide (NaOH). 
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5.2.3 Capillary Electrophoresis 
 
CE analysis was carried out using the CE-L1 capillary system purchased from 
CE Resources Pte. Ltd., Singapore with UV detector (SPD- 10 AVP model) system 
and CSW 1.7 software programme. It was equipped with uncoated fused silica 
capillary of 85 cm (45 cm effective length X 50 µm I.D) and an autosampler system. 
Samples were injected into the capillary using hydrodynamic mode by applying high 
pressure for 5 seconds and detection was performed at 210 nm. CE analysis was 
carried out at 25 kV voltage at ambient temperature unless otherwise specified. 
 
New capillary was rinsed with 0.1 M NaOH for 30 minutes followed by 
deionized water for 30 minutes. At the beginning of each day, the capillary was 
rinsed with 0.1M NaOH for 10 minutes, deionized water for 10 minutes and running 
buffer for 5 minutes. Between each run, the capillary was flushed with deionized 
water for 5 minutes. At the end of the day, the capillary was rinsed with deionized 
water for 10 minutes and air was allowed to pass through the capillary for 2 minutes 
to prevent changes at the capillary inner wall.  
 
 
 
5.3 Results and Discussion 
 
The separation conditions including concentration and pH of formate buffer, 
concentration of sodium cholate (SC), applied voltage, percentage of organic 
solvents added and concentration of organic modifier were varied in order to achieve 
the optimum separation conditions for the fungicides.  All the fungicides were 
succesfully separated within 20 minutes using the optimum separation condition as 
shown in Figure 5.2. Each fungicide gave one peak except propiconazole, which 
gave two stereoisomer peaks.  
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Figure 5.2 Electropherogram of four fungicides by MEKC. Condition: 16 mM 
formate buffer pH 7, 60 mM SC, 25 kV separation voltage, 210 nm and 5 s 
hydrodynamic injection.  1: carbendazim, 2: thiabendazole, 3: propiconazole, 4: 
vinclozolin, 5: IS. 
 
5.3.1 Effect of buffer concentration 
 
Formate buffer concentrations were varied from 4 to 20 mM. The migration 
time increased when the concentrations were increased. The higher ionic strength of 
the buffer, the lower electroosmotic flow (EOF), resulting in longer migration time. 
A 20 mM of  formate buffer was chosen for the next optimization because it gave the 
highest resolution compare to other formate buffer concentration. 
 
 
5.3.2 Effect of surfactant concentration 
 
An important property of micelles is their ability to enhance the solubility of 
hydrophobic organic compounds in aqueous media. It is known that micellar 
solubilization of compounds controls the separation process. The phase ratio of the 
system, the elution window and the efficiency of separation are influenced by the 
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concentration of micelles (Turiel et al., 2000). 30 to 90 mM sodium cholate were 
tested as surfactant. The critical micellar concentration (CMC) for sodium cholate is 
13-15 mM, therefore 30 mM was chosen for lowest concentration for sodium 
cholate. Increases in the sodium cholate concentration leads to an increase in 
migration time of the fungicides. When 30 mM sodium cholate was used, the 
resolutions for propiconazole and vinclozolin peaks were poor. 60 mM sodium 
cholate was chosen for next optimization step because it gave shorter migration time 
and good resolution especially for propiconazole and vinclozolin peak. 
 
 
5.3.3 Effect of buffer pH 
 
The effect of formate buffer pH (5-9) on migration time and resolution for the 
fungicides were studied. There were no differences in the fungicides migration time. 
The effect of buffer pH on resolution is depicted in Figure 5.3. The peaks resolution 
were slightly increased when formate buffer pH increased from 5 to 7, and decreased 
when higher pH were used. Formate buffer pH 7 was used for next optimization step. 
 
Figure 5.3  Graph of fungicides peak resolution as a function of buffer pH. 
Condition: 20 mM formate buffer, 60 mM Nach, 25 kV separation voltage, 210 nm 
and 5 s hydrodynamic injection.  (○) carbendazim, (▲) propiconazole i, (■ ) 
thiabendazole, (●) vinclozolin, (x) propiconazole ii. 
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5.3.4 Effect of applied voltage 
 
An increase in applied voltage increases electroosmotic flow and reduces the 
migration time. In this study, voltage from 10 to 30 kV was used. When 10 kV of 
voltage was used, the separations take about 50 minutes and when 30 kV was used, it 
only takes less than 15 minutes. Fig. 4 shows the effect of increasing the voltage 
from 10 to 30 kV on peak resolution. Higher peak resolution was achieved when 15 
kV was applied to the system but it takes 35 minutes to separate the fungicides and 
the peaks were wider.25 kV was then selected for the next optimization because it 
gave shorter analysis time and good resolution. Although 30 kV can separate all the 
sample in shorter time, but it was not chosen because higher voltage can lead to 
broader peaks and can cause electrical discontinuity through the capillary. 
 
Figure 5.4 Graph of fungicides peak resolution as a function of applied voltage. 
Condition: 20 mM formate buffer pH 7, 60 mM Nach, 210 nm and 5 s hydrodynamic 
injection.   
 
 
 
5.3.5 Effect of organic solvent addition 
 
Addition of an organic solvent to the micellar run buffer can alter retention 
and selectivity [8]. Organic solvents can affect electroosmotic flow and 
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electrophoretic mobilities by changing the run buffer viscosity and the zeta potential. 
Addition of an organic solvent to the micellar run buffer changes the micelle-water 
partition coefficient. Modifiers may affect the charge on the micelle or the solute and 
change the solubility of a solute in the micelle. 
 
To study the effect of organic solvent on the migration time and resolution, 
methanol and acetonitrile with different percentage (5 – 20 % v/v) were added to 
buffer system. Migration time of all fungicides were increased when more methanol 
and acetonitrile was added to buffer system. Adding methanol to the buffer, 
increased resolution for carbendazim and thiabendazole peak, but decreased 
propiconazole and vinclozolin peak. It was noticed that both organic solvent 
enhanced the peaks height. Vinclozolin peak cannot be detected when 20 % v/v 
methanol was used. Peak resolution of all the fungicides was decreased when more 
acetonitrile were added. Vinclozolin and propiconazole second peak cannot be 
detected when 20 % v/v acetonitrile was used. 
 
 
5.3.6 Effect of organic modifier addition 
 
Modifier may affect the charge on the micelle or the solute and change the 
solubility of a solute in micelle. It also can act as a second pseudostationary phase 
such that solutes partition between the micelle and the other hydrophobic phase. 
Cyclodextrin-modified MEKC has been used to separate very hydrophobic solutes 
(Schmitt et al., 1997). When cyclodextrin (CD) was added to the run buffer, water 
insoluble solutes distribute themselves between the micelle and the cyclodextrin and 
spend no time in aqueous phase.  
  
In this study, β-CD and γ-CD was used to study the effect on the migration time 
and resolution. A 3, 5 and 8 mM of  β-cyclodextrin and γ-cyclodextrin was added to 
the buffer system. There were no significant differences in the migration time for 
both modifier. But when γ–CD were added to the buffer, there are some negative 
peaks followed after the carbendazim peak which it can effect the calculation for the 
carbendazim peak. A 5 mM β –CD gave higher resolution for first two peaks but 8 
mM β –CD gave higher resolution for propiconazole and vinclozolin peak. 5 mM γ-
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CD was found gave higher resolution for all peaks compare to buffer system without 
CD addition.  
 
 
 
5.4 Concluding Remarks 
 
In this study, fungicides were successfully separated within 20 minutes using 
MEKC. After all the optimization, 20 mM formate buffer pH 7, 60 mM sodium 
cholate and 25 kV applied voltage were found gave the best separation for all 
fungicides. The separation of the fungicides is good although there is no organic 
solvent or modifier was added. The optimum separation condition without organic 
solvent and modifier will then use for calibration to get the linearity and limit of 
detection also the reproducibility of the method for intra and inter day sample 
running. 
 
 
 
 
 
 
 
CHAPTER 6 
 
 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
 
 
 
6.1 Conclusions 
 
Micellar electrokinetic chromatography (MEKC) method using bile salts 
(sodium cholate and sodium deoxycholate) as chiral surfactants was first investigated 
on the chiral separation of propiconazole enantiomers.  Effects of different bile salt 
type and concentrations were explored to resolve the two pairs of propiconazole 
enantiomers in this initial study.  However, only two peaks (one pair of enantiomers) 
were obtained.  As the previous work by Penmetsa (1997) has not been successful in 
separating all enantiomers of propiconazole, further study focused on the 
optimization of CD-MEKC method using SDS as surfactant and HP-γ-CD as chiral 
selector.  The use of a mixture of 30 mM HP-γ-CD, 50 mM SDS and methanol-
acetonitrile 10%:5% (v/v) in 25 mM phosphate buffer solution (pH 7.0) was able to 
separate two enantiomeric pairs of propiconazole with resolution (Rs) greater than 
1.50, peak efficiencies (N) greater than 400 000 and analysis time of less than         
16 min.  Good repeatabilities in the migration time, peak area and peak height were 
obtained ranging from 0.20% to 0.26%, 1.98% to 5.77% and 1.16% to 1.92%, 
respectively.  Calibration lines were linear with the correlation coefficient higher than 
0.999 for all enantiomers.  However, slightly poor detectability was observed in this 
CD-MEKC method (LOD of propiconazole, 10 mg/L) because of the small injection 
volumes and narrow optical path length.  Therefore, applying the optimized 
conditions to two on-line pre-concentration techniques, i.e. stacking and sweeping 
was then developed for enhancing the concentration and detection sensitivity. 
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Stacking and sweeping techniques were first applied to the CD-MEKC 
system at neutral conditions (pH 7.0) to enhance the detection sensitivity of 
propiconazole enantiomers.  A 5-fold increase in the detection sensitivity for 
propiconazole enantiomers was attained with stacking-CD-MEKC (LOD of 
propiconazole, 2.0 mg/L), whereas the sweeping-CD-MEKC at pH 7.0 enhanced it 
25-fold (LOD of propiconazole, 0.40 mg/L) compared to the conventional             
CD-MEKC method (LOD of propiconazole, 10 mg/L).  Good repeatabilities in the 
migration time, peak area and peak height were recognized in terms of the relative 
standard deviation.  Although these LODs values are modest for the analysis of real 
samples, the results clearly show the possibility of improving the detectability by 
using stacking and sweeping in the CD-MEKC method at neutral pH.  
 
In order to achieve significantly lower LOD, sweeping-CD-MEKC separation 
under acidic condition (pH 3.0) was then explored.  The increase in detection 
sensitivity for propiconazole enantiomers is about 100-fold in the sweeping-CD-
MEKC at pH 3.0 (LOD = 0.10 mg/L) compared to the conventional CD-MEKC.  The 
results indicate that sweeping-CD-MEKC method under acidic condition is better 
than under neutral condition in terms of achievable detection limit. 
 
The optimized sweeping-CD-MEKC at pH 3.0 was successfully applied to 
the simultaneous chiral separation of three triazole fungicides (fenbuconazole, 
tebuconazole, and propiconazole) in only one injection.  Sensitivity enhancement of 
three triazole fungicides ranged from 30 to 100-fold.  Limit of detections (S/N = 3) of 
three triazole fungicides ranged from 0.09 to 0.10 mg/L, well below the limit set by 
Codex Alimentarius Commission.  These results provide lower LOD for the 
fungicide compared to a previously study on the enantiomeric separation of chiral 
triazole fungicides by HPLC, ranged from 0.24 to 1.83 mg/L (Wang et al., 2005).  
The average recoveries of three triazole fungicides in spiked grapes sample by 
combination of SPE pretreatment and sweeping-CD-MEKC at pH 3.0 were good for 
all the compounds, ranging from 73% to 109% with RSDs between 9% and 12% (n = 
3).  
 
 Application of MEKC for rapid separation of four fungicides (carbendazim, 
thiabendazole, propiconazole and vinclozolin) with ammonium formate buffer using 
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micellar electrokinetic chromatography was developed.  The four fungicides were 
successfully separated within 20 minutes using MEKC. After all the optimization, 20 
mM formate buffer pH 7, 60 mM sodium cholate and 25 kV applied voltage were 
found gave the best separation for all fungicides. The separation of the fungicides is 
good although there is no organic solvent or modifier was added. The optimum 
separation condition without organic solvent and modifier will then use for 
calibration to get the linearity and limit of detection also the reproducibility of the 
method for intra and inter day sample running. 
 
 
6.2  Future Directions 
 
In this study, the optimized sweeping-CD-MEKC method at pH 3.0 combined 
with solid-phase extraction (SPE) pretreatment by using C18 solid-phase column is 
applicable for determination of selected triazole fungicides in grapes sample.  Percent 
recoveries obtained for the three triazole fungicides spiked in grapes sample were 
generally good between 73 to 109%.  However, as mentioned before that relatively 
low recovery of propiconazole and tebuconazole could be due to the higher water 
solubility of these two fungicides compared to fenbuconazole in water.  For this 
reason, salting out effect with sodium chloride might help to increase the recovery of 
these two fungicides from the spiked grapes.  
 
In addition, SPE is routinely used for the extraction of compounds from liquid 
or solid matrices.  However, the classical SPE sorbents such as C18, ion-exchange 
and size-exclusion phases are lacking in selectivity towards target analytes.   
Recently, in order to overcome this drawback, molecular imprinted polymers (MIPs) 
have been developed.  There is only one report (Yang et al., 2006) on the 
molecularly imprinted solid-phase extraction method for the analysis of a triazole 
fungicide (diniconazole).  It is thus of interest for further study to develop the novel 
molecularly imprinted polymers by using different triazole fungicide compounds as 
the templates.  Most of studies reported concern the development of MIPs for one 
target analyte only.  MIP can also be developed for the extraction of a group of 
structural analogues, in which the template has to be carefully selected to produce 
cavities able to present affinity for the whole group.  It is therefore of interest to 
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develop the molecularly imprinted solid-phase extraction method for sample 
enrichment of class-selective extraction of triazole fungicide compounds. 
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